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PREFACE

INTERNATIONAL CONFERENCE ON RECENT ADVANCES IN
COMPUTATIONAL AND EXPERIMENTAL MECHANICS
(ICRACEM): 4-6th September, 2020

Mechanics, one of the oldest fields of science, has been ever-changing. What began initially as the study of
celestial bodies, has gone on to explain several phenomena around us, be it the flow of water in a pipe or
the response of a bridge under heavy winds, etc. The applicability of mechanics – from nanoscales to
astronomical scales – bears testament to the beauty of mechanics and its interdisciplinary nature.
The 1st Online International Conference on Recent Advances in Computational and Experimental
Mechanics celebrates the power of mechanics, irrespective of the scale and discipline of problem. The
conference, designed under the new concept of “Work from Home through digital platforms”, has the aim
of bringing together the leading researchers, academicians, practicing engineers and young students from
around the world for interacting and exchanging ideas concomitant with new age mechanics. The entire
experience, including discussions on the recent developments in mechanics, will occur online. The mode of
presentation will be through a popular online platform, which will be intimated to the participants in due
course.
ICRACEM2020 will focus on theoretical, computational and experimental aspects of Mechanics. In order
to foster creativity, ICRACEM 2020 will award the most promising young researchers, and selected
conference papers will be published as a special book volume with an ISBN through internationally
recognized publisher.
The technical program consisted of One plenary, One popular and Eighteen keynote/Invited addresses by
the renowned experts in their respective fields, and 272 research papers which have been qualified after
peer review of about 320 papers, presented from a wide spectrum of fields. It is expected that the
conference through the plenary, the keynote, the invited and the contributory research papers will provide a
unique opportunity for useful deliberation, exchange of expertise and sharing of experience to further incite
research activities in different multi-disciplines in many areas.
It is our pleasure to acknowledge a large number of individuals and groups who have really contributed in
many ways in bringing the present shape of the conference and its proceedings. We are extremely thankful
to the all Plenary, Popular Lecture, Keynote/Invited speakers. The contributory authors deserve special
thanks for sharing their technical research expertise by contributing to the proceedings.
We are also thankful to all the members of the committee in organizing this event and reviewers for their
kind help and sparing valuable time to review the contributed papers. We are also thankful to all our
student volunteers for their untiring efforts in the process of finalizing the proceedings. Efforts given by Dr.
Prabir Kumar Aditya and his team of M/S Spring & River for designing the website is appreciable. We are
also thankful to all the sponsors for funding this conference.
Mr. S. S. Das of Centre for Education Technology (CET) deserves a special mention for helping organizer
live streaming special sessions e.g., Inaugural Session, Popular Lecture, Cultural Evening and Valedictory
Session, etc. to reach the wide range of audience. Mrs. Shampa Goswami of CEP cell needs a special
mention for her cooperation in various fronts to make it a successful event. Last but not the least we thank
one and all who helped us to make this conference successful.
IIT Kharapur, India
September 4, 2020
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Chair – Prof. Sarat K. Panda

Session – 27
Theme – Vibration & Control
Chair – Prof. Maloy K. Singha

Time
12:00:00 PM
12:12:00 PM
12:24:00 PM
12:36:00 PM
12:48:00 PM
1:00:00 PM

Time
12:00:00 PM
12:12:00 PM
12:24:00 PM
12:36:00 PM
12:48:00 PM
1:00:00 PM

(Link: D Maity)

(Link: DK Maiti)

(Link:M S Afzal)

(Link: PK Patra)

(Link: R Ghoshal)

Sponsored Lecture: Advertisement by our sponsors

Paper-ID
SM-20-035
SM-20-038
SM-20-039
VC-20-036
SM-20-053
SM-20-055

Paper-ID
VC-20-021
VC-20-043
VC-20-040
VC-20-041
VC-20-042
VC-20-045

(Link: P Jana)

(Link: CS Mistry)
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Time: 14.30 – 14.40 Ansys3

(Link: DK Maiti); DHI1&2 (Link:M S Afzal); Bentley3 (Link: P Jana); Bentley4 (Link: PK Patra)

Keynote Lecture by Prof. Vikram Deshpande, Cambridge University
Title: Hydrogen induced fast fracture
Session Chair: Prof. Arghya Deb, IIT Kharagpur
Time: 14.45 – 15.30 (Link: R Ghoshal)

Keynote Lecture by Prof. Sondipon Adhikari, Swansea University
Title: Homogeneous dynamic characteristics of damped 2D elastic lattices
Session Chair: Prof. Sushanta Chakraborty, IIT Kharagpur
Time: 14.45 – 15.30 (Link: P Jana)

Sponsored Lecture: Advertisement by Ansys4
Time: 15.40 – 15.50 (Link: R Ghoshal)

Sponsored Lecture: Advertisement by Tesscorn
Time: 15.40 – 15.50 (Link: P Jana)

Keynote Lecture by Dr. Gopalakrishnan, Director CBRI
Title: Challenges in experiments and tests in structural engineering
Session Chair: Prof. Dipankar Chakraborty, Jadavpur University
Time: 16.00 – 16.45 (Link: D Maity)

Keynote Lecture by Prof. Sanjay Mittal, IIT Kanpur
Title: Aerodynamics of sports balls and badminton shuttle cock
Session Chair: Prof. S. D. Sharma, IIT Bombay
Time: 16.00 – 16.45 (Link: R Ghoshal)

Sponsored Lecture: Advertisement by Ednex
Time: 16.45 – 16.50 (Link: D Maity)

Sponsored Lecture: Advertisement by Electrono
Time: 16.45 – 16.50 (Link: R Ghoshal)

Keynote Lecture by Prof. G.R. Liu, University of Cincinnati
Title: A Neural Element Method
Session Chair: Prof. S. K. Dwivedy, IIT Guwahati
Time: 17.00 – 17.45 (Link: D Maity)
Sponsored Lecture: Advertisement by Tesscorn
Time: 17.45 – 17.55 (Link: D Maity)
Cultural Evening ‘Mystical Melodies’ by Chirontonee: directed by Ms. Alokananda Roy & Dance program by Dancers’ Forum: directed by Ms. Subrata Bhattacharya
Time: 18.00 – 20.00 (Link: D Maity)
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Technical Program (September 6th 2020 – Day 3)
Keynote Lecture by Prof. S. S. Lee, Gyeongsang National University
Title: Induction Welding of Thermoplastic Composite using Magnetite
Session Chair: Prof. Aniruddha Sengupta, IIT Kharagpur
Time: 8.00 – 8.45 (Link: P Jana)

Keynote Lecture by Prof. Sreekanta Das, University of Windsor
Title: Modular Construction – Mechanics, Benefits, and Challenges Involved
Session Chair: Prof. K.S. Rao, Andhra University
Time: 8.00 – 8.45 (Link: CS Mistry)
Parallel Technical Sessions (Time: 9.00 – 10.45)

Session – 29
Theme – Applied
Mechanics
Chair – Prof. Ajeet Kumar

Session – 30
Theme – Fluid Mechanics
Chair – Prof. Manish
Kaushal

Session – 31
Theme – Fluid Mechanics
Chair – Prof. Rajaram
Lakkaraju

Session – 32
Theme – Solid Mechanics
Chair – Prof. Kaustabh
Dasgupta

Session – 33
Theme – Solid Mechanics
Chair – Prof. Hemant
Kaushik

Time

Paper-ID

Time

Paper-ID

Time

Paper-ID

Time

Paper-ID

Time

9:00 AM

AM-20049

9:00:00
AM

FM-20-054

9:00:00
AM

FM-20-068

9:00:00
AM

VC-20-056

9:00:00
AM

9:12:00
AM

AM-20050

9:12:00
AM

FM-20-055

9:12:00
AM

FM-20-065

9:12:00
AM

VC-20-057

9:24:00
AM

AM-20051

9:24:00
AM

FM-20-056

9:24:00
AM

FM-20-066

9:24:00
AM

9:36:00
AM

AM-20052

9:36:00
AM

FM-20-058

9:36:00
AM

FM-20-061

9:48:00
AM

AM-20053

9:48:00
AM

FM-20-060

9:48:00
AM

10:00:00
AM
10:12:00
AM

AM-20054
AM-20034

10:00:00
AM
10:12:00
AM

FM-20-067
FM-20003

10:00:00
AM

(Link: PK Patra)

(Link:M S Afzal)

Session – 35
Theme – Mixed
Chair – Prof. Anirban
Dhar

Session – 36
Theme – Mixed
Chair – Prof. M. R. Sunny

Paper-ID

Session – 34
Theme – Vibration &
Control
Chair – Prof. Priyaranjan
Pal
Time
Paper-ID

Time

Paper-ID

Time

Paper-ID

AM-20061

9:00:00
AM

VC-20-050

9:00:00
AM

AM-20057

9:00:00
AM

IM-20-038

9:12:00
AM

AM-20064

9:12:00
AM

VC-20-052

9:12:00
AM

AM-20059

9:12:00
AM

SM-20-041

VC-20-047

9:24:00
AM

AM-20066

9:24:00
AM

VC-20-063

9:24:00
AM

AM-20060

9:24:00
AM

AM-20-065

9:36:00
AM

VC-20-053

9:36:00
AM

SM-20-057

9:36:00
AM

VC-20-062

9:36:00
AM

VC-20-058

9:36:00
AM

FM-20-050

FM-20-069

9:48:00
AM

VC-20-054

9:48:00
AM

SM-20-058

9:48:00
AM

EM-20-014

9:48:00
AM

VC-20-059

9:48:00
AM

AM-20-036

FM-20-001

10:00:00
AM

VC-20-055

IM-20-010

10:00:00
AM

IM-20-039

(Link: R Ghoshal)

(Link: AB Naval)

Keynote Lecture by Dr. Deepak Sharma, TSI Inc
Title: Overview on various Experimental Tools for Virus/Aerosol Research and Advances in Volumetric
velocimetry

10:00:00
AM
10:12:00
AM

SM-20-042

(Link: D Maity)

(Link: DK Maiti)

10:00:00
AM
10:12:00
AM

VC-20-061
VC-20-049

(Link: CS Mistry)

Keynote Lecture by Prof. Kirti Sahu, IIT Hyderabad
Title: Some peculiar behaviors observed in bubbles and droplets
Session Chair: Prof. Anirban Dhar, IIT Kharagpur

10:00:00
AM
10:12:00
AM

AM-20-058
VC-20-048

(Link: P Jana)
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Session Chair: Prof. Manas Laha, IIT Kharagpur
Time: 11.00 – 11.45 (Link: CS Mistry)

Time: 11.00 – 11.45 (Link:M S Afzal)

Keynote Lecture by Prof. S. D. Sharma, IIT Bombay
Title: Vortex generator: Passive flow control device with active role
Session Chair: Prof. D. J. Sen, IIT Kharagpur
Time: 11.45 – 12.30 (Link: DK Maiti)

Keynote Lecture by Prof. S. R. Chakravarthy, IIT Madras
Title: The life of perforations in an expanding liquid sheet
Session Chair: Prof. Manas Laha, IIT Kharagpur
Time: 11.45 – 12.30 (Link: R Ghoshal)

Keynote Lecture by Prof. Gautam Biswas, IIT Kanpur
Title: Dynamics of the cavity generated due to impact of high-speed train of microdrops on a liquid pool
Session Chair: Prof. Subhasish Dey, IIT Kharagpur
Time: 15.00 – 15.45 (Link:M S Afzal)
Valedictory Session: Chief Guest – Prof. S. K. Bhattacharyya, Deputy Director, IIT Kharagpur
Time: 16.30 – 17.00 (Link: DK Maiti)
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List of Papers
Paper ID
AM-20-001
AM-20-002
AM-20-003
AM-20-004
AM-20-006
AM-20-007
AM-20-008
AM-20-009
AM-20-010
AM-20-011
AM-20-012
AM-20-013
AM-20-014
AM-20-015
AM-20-016
AM-20-017
AM-20-018
AM-20-019
AM-20-021
AM-20-022
AM-20-023
AM-20-026
AM-20-028

Paper Name
Multiple mode fracture analysis of hip prosthesis for critical
crack size determination and life estimation
Gradient Enhanced Isotropic Damage Model for the Mixedmode Fracture of Concrete
First ply failure behaviour of corner point supported laminated composite skew plate
A Parametric study of bending behaviour of damaged composite conoidal shell roofs
Harmonic analysis on axial turbine blades
Immobilization and Characterization of Acid Phosphatase and its affinity for selected Organophosphate Pesticides
Vibration Characteristics of Functionally Graded Plate for Different Edge Constraint
Coupled thermomechanical analysis of shape memory alloy actuator
Numerical simulation of void growth ahead of a moving crack tip in plastically compressible solids
Study on Formation & Propagation of Cracks in Concrete: A Review
Improvement of Mechanical Properties of High carbon steel
Multistability of Connected Variable Stiffness Laminates
Evaluation of the safe bearing capacity of laterite soil of Udupi district and categorization of the risky zones
Mechanical behaviour of Nano Composite Cementitious Material Using Graphene Nanoplatelet (GNP) and Montmorillonite Nano Clay
(MNC)
A Scaling Procedure for Predicting Pressure Fluctuations caused by Fluid Transient in Cryogenic Systems
Modelling fresh concrete using the Discrete Element Method: an overview
Impact Induced Stress Behavior of Simply Supported Laminated Composite Skewed Hypar Shell Roof
Estimation of instantaneous shear modulus in neat resin and multi walled nanotube reinforced carbon epoxy composites by finite element
analysis
An alternative numerical technique for solving problems involving inelastic deformation
Free Vibration analysis of Functionally Graded Plate with and without cutout
A comparative study on free vibration of hybrid laminated composite shells
Exploring Self-Sensing Capability of Shape Memory Alloy Wire Actuator using Kalman Filters
A multi-field finite element formulation for viscoelastic response

Session
Number

Time of
Presentation

Session 1
Session 1
Session 1
Session 1
Session 1
Session 1
Session 7
Session 7
Session 7
Session 7
Session 7
Session 7
Session 22

2:30:00 PM
2:42:00 PM
2:54:00 PM
3:06:00 PM
3:18:00 PM
3:30:00 PM
2:30:00 PM
2:42:00 PM
2:54:00 PM
3:06:00 PM
3:18:00 PM
3:30:00 PM
12:24:00 PM

Session 8
Session 8
Session 8
Session 8

5:20:00 PM
5:32:00 PM
5:44:00 PM
5:56:00 PM

Session 8
Session 8
Session 15
Session 15
Session 15
Session 15

6:08:00 PM
6:20:00 PM
9:30:00 AM
9:42:00 AM
9:54:00 AM
10:06:00 AM
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AM-20-029
AM-20-030
AM-20-031
AM-20-033
AM-20-035
AM-20-037
AM-20-040
AM-20-042
AM-20-043
AM-20-046
AM-20-047
AM-20-048
AM-20-049
AM-20-050
AM-20-051
AM-20-052
AM-20-053
AM-20-054
AM-20-055
AM-20-056
AM-20-057
AM-20-059
AM-20-060
AM-20-061
AM-20-064
AM-20-066
EM-20-001
EM-20-003
EM-20-004
EM-20-005
EM-20-006
EM-20-008
EM-20-009
EM-20-010
EM-20-011
EM-20-012
EM-20-013
EM-20-014
EM-20-015

Free vibration study of laminated composite shell with varying cut-outs
Smart Materials and their Applications—A Short Review
Numerical study on concrete – filled steel tubes with diagonal binding ribs and longitudinal stiffeners
Identification of cohesive zone parameters for a iomaterial interface crack
Vibration and Buckling behaviour of Intralayer Hybrid Fiber Metal Laminates HFMLs With and Without Cut-outs subjected to inplane
varying edge loads
Buckling Analysis of Laminated Composite Rectangular Cavity with Cutout
Design of Graded Elastomeric Cellular Structures for Enhancing Energy Absorption
Study on Strength of Cold-form steel based composite structures: A Review
Flexural analysis of cross-ply laminated plates using new first-order shear deformation theory
Experimental testing and numerical modelling of CFST columns under axial compressive load
Electro-elastic analysis of edge dislocation dipole in GaN using XFEM
Dynamic stiffness method for free vibration analysis of stepped plate using the first order shear deformation theory
Effect of fiber content on shear and flexural responses of GFRP laminates under symmetric and asymmetric layup configurations
Free vibration analysis of S-FGM plates resting on elastic foundation by using the dynamic stiffness method
Micromechanics based technique of material homogenization and determination of fracture plane in advanced composites
Shear Capacity of Steel Fibre Reinforced Concrete Beams Without Stirrups using Critical Shear Displacement Approach
A numerical torque-twist based approach for structures in torsion
Numerical Study on Channel type Shear Connector for Steel-Concrete Composite Girder
Study on behaviour of stiffened single coped beam with slender web against local web buckling
A review of Prediction of stress state in a concrete member using ultrasonic wave velocity
Comparative study of concrete filled circular tubular column with confinement effect under axial compression
Axial load response of cold-formed steel built-up box columns with and without stiffeners
An Experimental Study to Compare the Stress Predictability of the J-C Model for Bovine Bone
Design and Structural analysis of a Motor cycle Helmet using Composite material
Analytical comparative studies of fatigue crack growth and life on stainless steel pipes subjected to pure bending and combined torsion
and bending
Modal Study on FGM Elliptical Plate under Thermal Environment
Study of Fluid Flow Properties in Tube with Different Orientation For Natural Convection Heat Transfer
State of the art on composite column to foundation connections
Flow around bottom mounted submerged vertical circular cylinder over rigid plane bed
Optimum gauge length for measuring non-uniform axial strain field
Experimentally Verified Behavior of Multiple-shape Hybrid FRP-Concrete-Steel Double-Skin Tubular Columns under Axial Compression
Rehabilitation of Corroded Steel Beams Using Basalt Fibre Fabric – Mechanics and Experimental Validation
Thermo-mechanical behaviour of standard and high strength concrete subjected to thermal cycles
Analytical and experimental study on unutilized concrete in rc beams
Finite Element Analysis of Composite Materials for Explosion Proof Transformer Oil Tank
Multihit Impact Resistance of Masonry Walls under Large Mass
Non-Destructive Crack Detection Technique Based on Surface Temperature in Ceramic Matrix Composites
Effect of collisions on properties of non-equilibrium steady state of harmonic chains with alternating masses
Estimation of Damage Characterisation of Hardened Concrete from Early Hydration Process

Session 15
Session 15
Session 22
Session 22

10:18:00 AM
10:30:00 AM
12:00:00 PM
12:12:00 PM

Session 2
Session 22
Session 23
Session 23
Session 23
Session 23
Session 23
Session 23
Session 29
Session 29
Session 29
Session 29
Session 29
Session 29
Session 22
Session 22
Session 35
Session 35
Session 35
Session 33

3:30:00 PM
12:36:00 PM
12:00:00 PM
12:12:00 PM
12:24:00 PM
12:36:00 PM
12:48:00 PM
1:00:00 PM
9:00:00 AM
9:12:00 AM
9:24:00 AM
9:36:00 AM
9:48:00 AM
10:00:00 AM
12:48:00 PM
1:00:00 PM
9:00:00 AM
9:12:00 AM
9:24:00 AM
9:00:00 AM

Session 33
Session 33
Session 9
Session 2
Session 2
Session 2
Session 2
Session 2
Session 9
Session 9
Session 9
Session 9
Session 9
Session 34
Session 16

9:12:00 AM
9:24:00 AM
6:20:00 PM
2:30:00 PM
2:42:00 PM
2:54:00 PM
3:06:00 PM
3:18:00 PM
5:20:00 PM
5:32:00 PM
5:44:00 PM
5:56:00 PM
6:08:00 PM
9:48:00 AM
10:06:00 AM
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EM-20-016
EM-20-018
EM-20-020
EM-20-023
FM-20-001
FM-20-004
FM-20-005
FM-20-006
FM-20-007
FM-20-009
FM-20-010
FM-20-012
FM-20-013
FM-20-014
FM-20-015
FM-20-016
FM-20-018
FM-20-019
FM-20-021
FM-20-022
FM-20-024
FM-20-026
FM-20-027
FM-20-028
FM-20-030
FM-20-031
FM-20-035
FM-20-036
FM-20-037
FM-20-041
FM-20-043
FM-20-044
FM-20-046
FM-20-048
FM-20-053
FM-20-054
FM-20-055
FM-20-056

Treated Pulverized Waste Foundry Sand as Mineral Admixture for Concrete: Effects on Mechanical Properties
Low Cycle Fatigue Analysis of High Strength Aluminum Alloy 2024
Experimental Stress and Free Vibration Study of WOVEN Fiber Laminated Composite Beam
Effect of Infill wall on Framed Building
Effect of motive nozzle exit position in a R-744 two phase ejector
Performance improvements in water-lubricated sector-shaped pad thrust bearing with new pocket considering cavitation and turbulence
effects
A CFD study on conditional flow analysis of Boeing 737 and Boeing J aerofoil
Experimental and Numerical Investigation on Plane Jets at Low Reynolds Number
Mathematical Modelling of peristaltic flow of two layered fluids in microchannel under the influence of Electric field
Sinosoidal and Non-Sinosoidal Wave Forms of Internal Heat Source Modulation on a Three-Component Convection in Viscoelastic
Liquids
Mathematical Analysis of Mass Transfer phenomena in Sisko Ferronanofluid Flow over a Permeable Surface with Chemical Reaction
Dynamical control on estuarine hydrodynamics of Sundarbans, India: Classification based on vulnerability indices
Free Convective MHD Mass Transfer flow in a Rotating Vertical Porous Channel partially filled with a Porous Medium
Prediction of pressure coefficient of setback building using back-propagation neural networks
Modelling of turbulent non-reacting propane jet using OpenFoam RANS and LES models
Wind-induced effect on octagonal building interfered by square buildings in ‘T’ pattern
Numerical study on the performance of Savonius vertical axis wind turbine with guide vanes
Numerical Analysis of Smooth and Wavy Wall Microchannel Heat Sink for Electronic Cooling Applications
Fluid Structure Interaction Analysis under Earthquake Loading and its application to Concrete Gravity Dam
Wind induced effect on different corner positions of corner modified irregular plan shaped tall building
CFD Simulation of a Public Transport Bus for Internal Flow Behavior Analysis from Indian Perspective
Effect of dispersion and viscosity profiles on miscible displacments in porous media
Effect of vertical domain size on wind turbine large-eddy simulations in a half-channel
Optimizing cell deformation in extrusion based bioprinting process by importing inherent viscoelasticity using computational fluid
dynamic
Exact and Asymptotic solution of a steady two dimensional boundary layer of a Micropolar fluid flow past a moving wedge
Enhancement of Heat Transfer in Liquid Cooled Heat Sink using Rotating Impeller
Study of wave interaction with flexible porous plate
Effect of limb position of U plan shaped tall building under wind load
Deployment of toe-out type vortex generators in finned tube arrays for flow modification & capacity augmentation: Part A
Water wave trapping by a perforated wall type breakwater in a two-layer fluid flowing over a porous sea-bed
Flood inundation mapping using HEC-RAS 2D in Sangli city of Krishna river basin, Maharashtra (India)
Deployment of toe-out type vortex generators in finned tube arrays for flow modification & capacity augmentation: Part B
Hydrodynamic study of the flows caused by Dam Break around rectangular obstacles
Experimental Investigation on the Interaction of the Propeller Slipstream with the Wake of a Wing at Different Angle of Attack
On the frequency selection in flat plate wakes: mean flow stability analyses
Effect of changing aspect ratios on U plan shaped tall building under wind excitation
Development of Flow and Acoustic calculation method for design of Tunable Acoustics Combustion Test Rig
Development of a numerical tool for studying turbulent fuel-air mixing in swirl-based gas turbine combustion chambers.

Session 16
Session 16
Session 16
Session 16
Session 31

9:30:00 AM
9:42:00 AM
9:54:00 AM
10:30:00 AM
10:00:00 AM

Session 3
Session 3
Session 3
Session 3

2:30:00 PM
2:42:00 PM
2:54:00 PM
3:06:00 PM

Session 3
Session 10
Session 10
Session 10
Session 10
Session 10
Session 3
Session 14
Session 14
Session 14
Session 14
Session 17
Session 17
Session 14

3:18:00 PM
5:20:00 PM
5:32:00 PM
5:44:00 PM
5:56:00 PM
6:08:00 PM
3:30:00 PM
5:20:00 PM
5:32:00 PM
5:44:00 PM
5:56:00 PM
9:30:00 AM
9:42:00 AM
6:08:00 PM

Session 14
Session 10
Session 17
Session 17
Session 17
Session 17
Session 24
Session 24
Session 24
Session 24
Session 24
Session 24
Session 30
Session 30
Session 30

6:20:00 PM
6:20:00 PM
9:54:00 AM
10:06:00 AM
10:18:00 AM
10:30:00 AM
12:00:00 PM
12:12:00 PM
12:24:00 PM
12:36:00 PM
12:48:00 PM
1:00:00 PM
9:00:00 AM
9:12:00 AM
9:24:00 AM
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FM-20-058
FM-20-060
FM-20-061
FM-20-065
FM-20-066
FM-20-067
FM-20-068
FM-20-069
IM-20-003
IM-20-004
IM-20-005
IM-20-006
IM-20-007
IM-20-008
IM-20-009
IM-20-010
IM-20-011
IM-20-012
IM-20-013
IM-20-014
IM-20-015
IM-20-017
IM-20-022
IM-20-024
IM-20-025
IM-20-026
IM-20-028
IM-20-029
IM-20-030
IM-20-031
IM-20-033
IM-20-034
IM-20-035
IM-20-037
IM-20-039
SM-20-011
SM-20-013
SM-20-014
SM-20-015

Numerical Investigation on Supersonic Flow of Convergent Divergent Nozzles
Second-Order Hydrodynamic Effects on Coupled Dynamic Response of Spar Structure With Different Offshore Seabed Topographies
Nucleation and solidification behavior of water based composite phase change materials for cool thermal energy storage applications – An
experimental study
Assessment of peak pressures and gust factors on surfaces of Z shaped tall building under wind
Wind Impact on U Plan Shaped Tall Building Having Various Sifted Single Limb Positions
Convection in g-jitter couple stress liquid with three diffusing components
Integrated Numerical Model and Coupled Analysis of Vshaped Semisubmersible Under Metoceon Condition
The flow hydrodynamics around tandem cylinders
Free Vibration Study of Cantilever Conical Shell Made of Functionally Graded Sandwich Material
Static and Dynamic Analysis of Functionally Graded Carbon Nanotube-Reinforced Composites: A Review
A Key to the Estimation of Important Features in the Hot Rolling of Steel: A Comparative Study between Empirical Model and Hybrid
ANN Model using Genetic Algorithm
Machine learning based molecular simulations of monolayered graphene
Sequential sampling for reliability analysis of structures by support vector regression based metamodel
Estimation of Patch Load Capacity of Steel I-Girders with Corrugated Webs using FE models and Artificial Neural Networks
Comparison of mean and peak pressure coefficient for cross plan shaped tall buildings under wind
A Computational Approach to Investigate the Properties of Geopolymer Concrete
Review of study the effect of different tool profiles on aluminium aa3103 by friction stir welding
Prediction of Resistance of Layered Toughened Glass under Low Velocity Impact
Robotic Detection of Damage in Autonomously Assembled Structures Via Synthetically-Trained Classification Models
Construction Industry with 3D Printer: A New Era
Long Short-Term Memory based Deep Learning Algorithm for Damage Detection of Structure
Modelling of Aeration Efficiency at Gabion Spillway
Static Pull-in Instability Parameters of Narrow Rectangular Shear Deformable Timoshenko Microbeams
Mechanical properties of nanocrystalline Copper-CNT nanocomposites
A Combined Soft Computing-Mechanics Approach To Detect And Evaluate Damage In RCC BEAM
Stability analysis of dump slope of khadia open-cast mine
Modeling aeration efficiency of Gabion Stepped Weir using Soft Computing techniques
Applying bat algorithm for slope stability analysis
Determination of Minimum FOS And Critical Failure Surface of Soil Slope Using Cultural Optimization Algorithm
Statistics of a Single Particle Stirling Heat Engine
Support vector machines based prediction of elastic modulus for granite rock
Finite Element Modelling of Action Potential Propagation in Cardiac Tissue based on Ion Channel Models at Cell Level
Improved second order bounds on system failure probability
Optimization of Water Distribution Network using Teaching Learning Based Optimization (TLBO) Algorithm
Effect of Marble Powder in Fly ash Based Geopolymer Mortar
On the Sensitivity Analysis of Residually Stressed Constitutive Model
Dynamic Instability of CNT-Reinforced Composite Plate under Non-unifrom In-plane Loading
A FEM-Complex Variable Hybrid Approach for 2D Elastostatics
Post-buckling analysis of FG columns based on weak finite element formulation

Session 30
Session 30

9:36:00 AM
9:48:00 AM

Session 31
Session 31
Session 31
Session 30
Session 31
Session 31
Session 4
Session 4

9:36:00 AM
9:12:00 AM
9:24:00 AM
10:00:00 AM
9:00:00 AM
9:48:00 AM
2:30:00 PM
2:42:00 PM

Session 4
Session 4
Session 4
Session 4
Session 18
Session 33
Session 11
Session 11
Session 11
Session 11
Session 11
Session 11
Session 18
Session 18
Session 18
Session 18
Session 18
Session 25
Session 25
Session 25
Session 25
Session 25
Session 25
Session 16
Session 34
Session 5
Session 5
Session 5
Session 5

2:54:00 PM
3:06:00 PM
3:18:00 PM
3:30:00 PM
9:30:00 AM
10:00:00 AM
5:20:00 PM
5:32:00 PM
5:44:00 PM
5:56:00 PM
6:08:00 PM
6:20:00 PM
9:42:00 AM
9:54:00 AM
10:06:00 AM
10:18:00 AM
10:30:00 AM
12:00:00 PM
12:12:00 PM
12:24:00 PM
12:36:00 PM
12:48:00 PM
1:00:00 PM
10:18:00 AM
10:00:00 AM
2:30:00 PM
2:42:00 PM
2:54:00 PM
3:06:00 PM
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SM-20-016
SM-20-017
SM-20-018
SM-20-019
SM-20-020
SM-20-022
SM-20-023
SM-20-025
SM-20-026
SM-20-027
SM-20-030
SM-20-032
SM-20-033
SM-20-034
SM-20-035
SM-20-038
SM-20-039
SM-20-042
SM-20-043
SM-20-044
SM-20-045
SM-20-046
SM-20-047
SM-20-048
SM-20-053
SM-20-055
SM-20-057
SM-20-058
VC-20-002
VC-20-003
VC-20-005
VC-20-006
VC-20-007
VC-20-009
VC-20-012
VC-20-013
VC-20-014
VC-20-016
VC-20-017
VC-20-019
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FM-20-061:Nucleation And Solidification Behavior Of Water Based Composite Phase Change Materials For
Cool Thermal Energy Storage Applications – An Experimental Study
Amrit Kumar Thakur, V. Kumaresan, K.S. Raghavan, M. Ponrajan Vikram
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Shanku Mandal, Sujit Kumar Dalui, Soumya Bhattacharjya
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IM-20-007:Sequential Sampling For Reliability Analysis Of Structures By Support Vector Regression Based
Metamodel
Atin Roy, Subrata Chakraborty

FIRST ICRACEM, SEPTEMBER 4-6, 2020, IIT Kharagpur – 721302, INDIA

IM-20-008:Estimation Of Patch Load Capacity Of Steel I-Girders With Corrugated Webs Using FE Models
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SM-20-015:"Post-Buckling Analysis Of FG Columns Based On Weak Finite Element Formulation"
N. V. Swamy Naidu, R. Suresh Kumar
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Subham Pal, Salil Haldar
SM-20-017:Prediction Of Nonstationary Downburst And Hurricane Wind Field
Rishav Dutta, Gaurav Datta, Soumya Bhattacharjya
SM-20-018:Effect Of Stone-Wales Defects On Elastic Moduli Of Multi-Walled Carbon Nanotubes Using
Nanoscale Continuum Modeling
Pankaj Chauhan, Krishnendu Bhowmik
SM-20-019:Coupled Dynamic Analysis Of Submerged Tension-Leg-Platform Combined With Heaving
Wave Energy Converter
Rony J S, Dr. Debabrata Karmakar
SM-20-020:The Static Bending Response Of Shear Deformable Isotropic Rectangular Nanobeams Under A
Linearly Varying Load
Kedar S. Pakhare, P. J. Guruprasad, Rameshchandra P. Shimpi
SM-20-022:Actuator Response Of A Variable Stiffness Composite Laminated Plate Embedded With A PFRC
Layer
Rishabh Shukla, S. Pradyumna
SM-20-023:Design Of A Typical Wing For An Unpowered Glider
Diptiman Kundu, Dipak Kumar Maiti
SM-20-025:Damage Detection In Beam Structures Using Static Parameters And Standard Particle Swarm
Optimization Technique
Antu Acharya, Ayan Sen, Sourish Mukherjee, Partha Bhattacharya
SM-20-026:Effect Of Temperature On Vibration And Buckling Of Composite Laminates With Cutouts
T Rajanna, K Venkata Rao
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SM-20-032:Compressive Behavior And Nonlinear Load Carrying Capacity Of Multiple-Shape Concrete
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SM-20-033:"On The Stress Predictions In Individual Inclusions By Pseudodiscretization And Pseudo-Grain
Discretization Based Homogenization"
Deepjyoti Dhar And Atul Jain
SM-20-034:Influence Of Weighting Functions And Size Of Domain Of Influence In Linear Elastic Fracture
Mechanics: A Comparative Study Between Visibility And Diffraction Methods In EFGM
Lohit S. K., Yogesh S. Thube, Tejas P. Gotkhindi
SM-20-035:Free Vibration Analysis Of Isotropic And Laminated Composite Plate On Elastic Point Supports
Using Finite Element Method
Sabyasachi Ghosh, Salil Haldar
SM-20-038:Numerical Investigation Of Collapse Moment Of Deformed Pipe Bends Subjected To Internal
Pressure And Bending Moment
Manish Kumar, Pronab Roy, Kallol Khan
SM-20-039:Reduced Order Model For Thermoelastic Damping In Nonlinear Micro/Nano Resonators
Saurabh Dixit, Dileesh V. Parayil, Amar K. Gaonkar
SM-20-041:1D-Cohesive Zone Modelling Of Failure Using Extended Element-Free Galerkin Method
V.N.Naik, S. Sai Kumar, N. Muthu
SM-20-042:"Buckling Of Functionally Graded Material Plates With Cutouts Subjected To Linearly Varying
Load"
K. Swaminathan, H. Sachin, T. Rajanna
SM-20-043:Analysis Of A Double Edge Cracked Circular Ring Under Diametrical Compression
Mohammed Shafeeque K K And K V N Surendra
SM-20-044:Cross-Section Optimization Of I-Section Composite Column For Maximum Buckling Load
Prashant Kumar Choudhary, P.K Mahato And Prasun Jana
SM-20-045:Stress Behavior Of An Elasto-Plastic Ellipsoidal Inhomogeneity Embedded In An Elastic Matrix
Under Sinusoidal Loading
Suraj K Jayswal, Prasun Jana
SM-20-046:Stability Of CNT Reinforced Plates Under Thermal Loading
Sumeet Chakraborty, Tanish Dey
SM-20-047:Multiscale Modeling Of Parkes Cantilever Beam
Kona Veera Ganesh, Puneet Kumar Patra
SM-20-048:Prediction Of Elastic Constants Of Spiral MWCNT Reinforced Nanocomposites By Finite
Element Analysis
Krishnendu Bhowmik, Hela Ambati, Niloy Khutia, Amit Roy Chowdhury
SM-20-053:Transient Response Analysis In A Cylindrical Viscoelastic Waveguide Using Nonlinear Model
Jothi Saravanan Thiyagarajan
SM-20-055:A Numerical Approach To Model Heterogeneity Of Concrete In RC Beam Subjected To Impact
Loading.
Abhinov Bharadwaj, Sukanta Chakraborty
SM-20-057:Analytical Solution For Buckling Of Rectangular Plate Subjected To Non-Uniform Uniaxial
Compression Using FSDT
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Vaishali, S.Dey
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VC-20-019:Free Vibration Response Studies On Krishna Raja Sagar Bridge Mysuru
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Nishant Rana, Amirth Varshan, Arpan Gupta
VC-20-032:Modelling And Analysis Of Active Suspension Systems
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VC-20-033:"A Comparative Study Of The Effectiveness Of Vibration And Acoustic Emission In Diagnosing
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Manisha Yadav, Suhas Mohite, Mansing Dube
VC-20-035:Effect Of Infill Wall On Framed Building
Mainak Mallik, Sujay Santra, Saurav Bej
VC-20-036:Structural Damage Quantification Using Flexibility Matrix Based Approach
Saranika Das And Koushik Roy
VC-20-037:Flutter Reliability Analysis Of An Aircraft Wing: A Comparative Study
Sandeep Kumar, Amit Kumar Onkar, Manjuprasad M
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Parkinson’s Disease
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Name

John Hutchinson

Affiliation

Abbott and James Lawrence Research
Professor of Engineering

Position

School of Engineering and Applied Sciences

Title of
Dent imperfections in shell buckling: the role of geometry, residual stress
Presentation and plasticity
Abstract of
Departures of the geometry of the middle surface of a thin shell from the
Presentation perfect shape have long been regarded as the most deleterious imperfections

responsible for reducing the shell’s buckling capacity. Here systematic
simulations are conducted for both cylindrical and spherical metal shells
whereby, in the first step, dimple-shaped dents are created by indenting a
perfect shell into the plastic range. Then, in the second step, buckling of the
dented shell is analyzed, in axial compression for the cylindrical shells and
under external pressure for the spherical shells. Three distinct buckling
analyzes are carried out: 1) elastic buckling accounting only for the geometry of
the dent, 2) elastic buckling accounting for both the dent geometry and the
residual stresses, and 3) a full elastic-plastic buckling analysis accounting for
both the dent geometry and residual stresses. The three analyzes reveal the
relative importance of the dent geometry and the residual stress, and they
suggest a clear indicator of whether plasticity is important in establishing the
buckling load of the dented shells. This work has been performed in
collaboration with Prof. Simos Gerasimidis, Civil and Environmental
Engineering Department, University of Massachusetts, Amherst, MA 01003.
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Brief C.V.
John Hutchinson received his undergraduate education in engineering mechanics at Lehigh
University and his graduate education in mechanical engineering at Harvard University. He
joined the Harvard faculty in the School of Engineering and Applied Sciences in 1964 and is
currently the Abbott and James Lawrence Professor of Engineering Emeritus. Hutchinson and
his collaborators work on problems in solid mechanics concerned with engineering materials
and structures. Buckling, structural stability, elasticity, plasticity, fracture and micromechanics are all relevant in their research. Examples of ongoing research activities are: (1)
efforts to extend plasticity theory to small scales, (2) instabilities in soft materials and shell
structures, (3) fracture mechanics of tough ductile alloys, and (4) the mechanics of thin films,
coatings and multilayers. Hutchinson is a Fellow of the ASME, a member of the US National
Academy of Engineering and the US National Academy of Sciences, and a foreign member of
the Royal Society of London. Further information and publications can be downloaded
at http://www.seas.harvard.edu/hutchinson .
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Name

Prof. Changduk KONG

Affiliation

Department of Aerospace Engineering,
IIT Kharagpur

Position

International Visiting Professor

Title of

Structural Optimization of an Automobile Hood Using Natural Flax Fiber
Reinforced Plastic Composites and RIM Manufacturing Method

Presentation
Short CV:

Prof. Changduk Kong graduated with a BSc in Aerospace Engineering from the Korea
Aerospace University-National (Hons.) and a PhD in Aerospace Engineering from the Osaka
Prefecture University, Japan. He worked as Head of the Aero-Propulsion Division of ADD
(Agency for Defence Development) in 1978-1994. He served as Professor at Department of
Aerospace Engineering of Chosun University during 1994-2016, and was appointed as Dean
of the School of Aerospace and Naval Architecture Engineering in 1999 and 2005-2006, and
Dean of the Facility Management Office at Chosun University in 2011-2012. He has served as
International Visiting Professor at Department of Aerospace Engineering of IIT(Indian
Institute of Technology) Kharagpur, India in 2017-2021, Invited Professor at School of
Aerospace and Mechanical Engineering of Korea Aerospace University, in 2016-2019,
International Visiting Professor at Summer School of BUAA(Beijing University of
Aeronautics and Astronautics), China in 2017-2020, and Emeritus Professor at Department of
Aerospace Engineering of Chosun University since 2016. He was invited as Visiting Professor
at Department of Aeronautics of Imperial College, UK in 2001-2002.
Prof. Kong has contributed greatly to the development of Aerospace Engineering in Korea,
primarily through his roles as a non-standing Director of KIAST(Korea Institute of Aviation
Safety Technology) in 2015-2018, a non-standing Director of AMRC(UK)-Korea in 2016-202
, CTO of EGT Company, President of KNST(Korea Society for Naval Science and Technolog
y) in 2017-2018, President of SASE(The Society for Aerospace System Engineering) in 2013
- 2016, President of ICRC (International Collaboration Research Centre in Natural Composite
s, Chosun University in 2012-2014, President of KSAS (The Korean Society for Aeronautical
and Space Sciences in 2010, President of KSPE(The Korean Society of Propulsion
Engineers in 2007-2008, President of Korean Society for Naval Science and Technology in
2018, Chair of Cycle Innovation-IGTI-ASME in 2009-2011, President of RIME(Research
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Institute of Mechanical Engineering-Chosun University) in 2006-2008, and First Lieutenant of
ROKAF(Republic of Korea Air Forces) in 1974-1978. He has served as Editorial Board
Members of IJTJ(International Journal of Turbo & Jet Engines), IJCM(International Journal
of Composite Materials), CJS(Chinese Journal of Aeronautics), ACL(Advanced Composites
Letters) and AEAT(Aircraft Engineering and Aerospace Technology) since 1998, and Editor in-Chief of JKSAS(Journal of Korean Society for Aeronautical and Space Science) and
JKSPE(Journal of Korean Society of Propulsion Engineers) in 2006-2010. He received the
Korean National Decoration in Science, Academic Achievement Awards from KSAS, SASE
and KSPE, Defence Science Medals, the 2015 KAI-KSAS Award and the 2019 SASE-KA
Award for his scientific achievement and contribution to Korean aerospace development.
Prof. Kong has authored and co-authored more than 616 papers including 67 SCI journal
papers, and has received numerous lecture invitations from companies, research institutes and
universities and delivered eleven keynotes and invited lectures at international conferences.
He has organized 28 national conferences, forums and workshops and was co-organiser on
five international conferences.
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Structural Optimization of an Automobile Hood Using
Natural Flax Fiber Reinforced Plastic Composites and
RIM Manufacturing Method
Changduk Kong
Department of Aerospace Engineering, Chosun University, Gwangju, Republic of Korea
Departmnet of Aerospace Engineering, IIT Kharagpur, West Bengal, India

1. INTRODUCTION & OBJECTIVE

This document Recently due to increasing interest in eco-friendly materials, studies on fiber
obtained from nature have been actively performed to the area of composite. Although the
natural flax fiber has less strength than the high strength fiber such as the carbon fiber, it has
similar strength to glass fiber. Natural fibres have some advantages such as cost effective,
recycling and low energy consumption due to obtainable from nature rather than manmade
fibres by using high energy consumption.
Accordingly, it can be applied as very advantageous composite when an appropriate resin has
been selected. In this study, the design of eco-friendly structure using flax fiber was
performed after investigation on mechanical properties of natural composite. The selected
target structure is a hood of a small compact automobile. This study results are applicable for
developing aircraft secondary structural components such as fairings, nose domes, doors, etc.
This work is to perform an optimal design of a small compact automobile hood structure using
eco-friendly flax/vinyl ester natural fiber composite to meet automobile company’s design
requirements including strength and stiffness and HIC (Head Injury Criterion) requirements,
and to manufacture properly the designed hood using RIM (Resin Infusion Molding) through
resin flow simulation.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Section An optimal design of a small compact automobile hood structure using eco-friendly
flax/vinylester natural fiber composite to meet automobile company’s design requirements
including strength and stiffness and HIC (Head Injury Criterion) requirements has been
carried out as follows;
 Topology and size structural design optimization of inner panel and skin of a car hood
using commercial FE code ‘ANSYS shape optimization.
 Mechanical properties of Eco-friendly biaxial flax fabric/vinyl-ester composites
specimens manufactured by RIM were investigated by ASTM standards, and design
and analysis of hood structure were performed using the flax composites.
 The proposed design results met well the design requirements including all load cases,
and structural safety was confirmed.
 Pedestrian’s safety based on HIC was confirmed by impact analysis and the interface
requirement due to impact was investigated
RIM’s manufacturing conditions were found through resin flow simulation and properly
manufactured as follows;
Indian Institute of Technology Kharagpur
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 Resin flow analysis was performed using code ‘Polyworx’.
 Prototype hood was manufactured using the proposed RIM manufacturing process,
the tested resin infusion time was compared with analysis result.indentation.
Structural test was performed to confirm the designed result, the measured strain and
deflection were well agreed with analysis result. Results & Highlights of important points are
shown in Fig. 1 to 6.
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Fig. 1 Topology optimization model

Fig. 2 Design results of hood

Fig. 3 Resin flow analysis results

Fig. 4 Manufacturing using RIM Fig. 5 Manufactured hood(Inner face) Fig. 6 Manufactured hood(outter face)
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Professor Tarun Kant of IIT Bombay
Born on 1 July 1946 at Ballia in Uttar Pradesh, India. Did his High Schooll from
Queens’ College, Varanasi in 1958 and his Intermediate from King Edward Govt Inter
College, Deoria in 1960. Received his BSc degree from the University of Allahabad in
1962, his BTech (Hons) in civil engineering from the Indian Institute of Technology
Bombay (IIT Bombay) in 1967 and MTech in civil engineering with specialization in
structural engineering from the Indian Institute of Technology Kanpur (IIT Kanpur) in
1969. He spent about one and a half year in a consulting engineering firm in Mumbai
before joining IIT Bombay on 20 January 1971 as a Lecturer. He earned his PhD
degree while working as a Lecturer from IIT Bombay in 1977. He was selected as an
Assistant Professor in 1978 and a Professor in 1986. He has held the positions of the Department Head (20002002), the Dean (Planning) of the Institute (2001-2003), the Chairman of the prestigious Joint Entrance
Examination (JEE-1998) and the Chairman of the Central Library (1995-1999) with great distinction. The Institute
appointed him as an Institute Chair Professor from 31st December 2009. He was re-employed by Ministry of
Human Resource Development (MHRD) of Government of India (GOI) for five years until 30 June 2016 though he
formally retired (superannuated) on 30 June 2011. The Institute honoured him with the title of Professor
Emeritus for life on 27 September 2017.
Professor Kant was elected a Fellow of the Indian National Academy of Engineering (INAE) in 1999, a Fellow of
the Indian Academy of Sciences (IASc) in 2004, a Fellow of the Indian National Science Academy (INSA) in 2007
and a Fellow of the National Academy of Sciences, India (NASI) in 2011. He has the unique distinction of
being the first civil engineer in the country to get elected to all the four national academies. His
contribution to bring in research culture in civil engineering in the country is unique.
Was a visiting professor at University of Wales, Swansea (1979-’82), University of Cambridge (1993) and
University of California, Los Angeles (2005).
Recipient of the Burmah-Shell Best Paper Prize. First engineer to get selected for the 1979 Jawaharlal Nehru
Memorial Trust (U.K) Scholarship by a committee headed by no less a person than the Prime Minister of
India himself, was also selected for the 1992-’93 European Commission (EC) Senior Faculty Exchange
Fellowship, both by the Government of India. IIT-Bombay, on 13 March 2007, conferred the 2006 Professor H.H.
Mathur Award for Excellence in Research in Applied Sciences in recognition of his outstanding work in the area of
Mechanics of Composite Materials and Structures. Also received the 2009 Khosla National Award for his lifetime
achievement in the field of engineering. Also a recipient of the 2010 IIT Bombay Research Paper Award. IIT
Bombay, on 4th April 2012, conferred on him the 2011 Life Time Achievement Award. ICCS17 (17th
International Conference on Composite Structures, Porto, Portugal, 17-21 June 2013) honoured him with the title
a legend and recognized him as a pioneer in initiating a new direction in mechanics of composites. He received
the APACM Senior Scientist Award of the Asia Pacific Association of Computational Mechanics (APACM)
on 12 December 2013 during APCOM2013 in Singapore. Received the ICCES (International Conference on
Computational and Experimental Engineering and Sciences) Lifetime Achievement Award - 2015 Medal in Reno,
Nevada, USA on 23 July 2015 for making seminal contributions to composite materials and to the education of
generations of students in India. Birla Institute of Technology & Science (BITS) Pilani also honoured him with Life
Time Achievement Award on 26 February 2018. Recently, he received the INSA’s 2019 Professor Brahm Prakash
Memorial Medal.
Has published more than 157 research papers in refereed journals, 6 chapters in edited books, about 180 papers
in conference proceedings, edited 4 books and currently serves on the editorial boards of 5 international journals.
He has supervised 27 PhD theses and over 77 MTech dissertations. Has Research & Citation Standing in terms
of h-index of 44 on GoogleScholar (40 on Scopus, 35 on Web of Science). His current citations are over 7670 on
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GoogleScholar (over 5113 on Scopus, 4092 on Web of Science). Considered a pioneer in developing both
analytical and computational models of C o higher order theories of beams, plates and shells and a general
semi-discretization method for equilibrium problems.
Besides his scholarly and notable scientific publications in computational solid mechanics, he has displayed leadership
initiatives and has made long and sustained contributions in the field for over 50 years and is recognized as “the face of
India” in computational mechanics. Founded IndACM (Indian Association for Computational Mechanics) on 1st January
2000. Under its aegis, organizes ICCMSs (International Congresses on Computational Mechanics and Simulation) biennially
and the 7th ICCMS 2019 is scheduled to be held in IIT Mandi, Himanchal Pradesh, India on 11-13 December 2019. His
sustained efforts resulted in establishment of CCES, "Centre for Computational Engineering and Science"
[www.cces.iitb.ac.in] in IIT Bombay in the year 2018 with generous financial support from the Department of Atomic Energy.
Also founded IASE (Indian Association for Structural Engineering) on 8th January 2000. Under its aegis, organizes SECs
(Structural Engineering Conventions – An International Meet) biennially and the 13th SEC 2020 is scheduled to be held at
MNIT Jaipur in December 2020. He is also responsible for convincing the donor for creation of the first Chair in the
department – the Mehta Chair. His department established Prof Tarun Kant Endowed Chair in his honour for mobilizing an
endowment of Rs 1.15 Cr.
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A Journey with Analytical and Computational Models
of C o Theories of Beams, Plates and Shells and
An Innovative Semi-discretization Methodology for Equilibrium Problems

Tarun Kant
Professor Emeritus & INSA Senior Scientist
Department of Civil Engineering
Indian Institute of Technology Bombay
Powai, Mumbai-400 076, INDIA
tkant@civil.iitb.ac.in

Before the mechanics of laminated composites was established in the early nineteen hundred
sixties, the simplest form of sandwich construction with a thick material layer of low strength and
density sandwiched between two thin sheets of high strength material was in use in aircraft
industry. This was indeed the situation around Second World War. The three dimensional (3D)
modeling of laminated composites with a large number of orthotropic/isotropic layers was
intractable . Researchers, therefore, focused their attention on two dimensional (2D) analytical
models coupled with effective, general and robust computational tools. As a rule, 2D smeared
single-layer theories have dominated the literature. The classical lamination theory (CLT) was
the first candidate for application. CLT for beams, plates and shells is an extension of the EulerBernoulli beam, Poisson-Kirchhoff plate and Love shell theories and neglects the effects of
transverse strains and assumes each lamina to be in a state of plane stress. CLT fails to predict
accurately the static and dynamic response in case of laminated composites which are rather
thick and/or exhibit high anisotropy ratios. It was soon realized that such theories are unsuitable
for laminated composites including sandwiches in which transverse shear and transverse
normal deformation energies were significant. A search led the displacement based UflyandMindlin plate theory which did include transverse shear energy in a simplistic manner. Here, the
normality condition of the transverse normal was relaxed to include transverse shear strains.
This application, no doubt, became very popular, but was found to be deficient in many ways.
The approach of Hildebrand, Reissner and Thomas which could include both transverse shear
and normal strains in a realistic manner through the laminated composites gave a new hope to
the researchers and this development gave rise to what is known as higher order theories. This
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approach did give accurate deformations and in-plane stresses. However, reliable computation
of transverse stresses was still a distant dream.
Recent development of a novel partial discretization methodology for reliable computation of
transverse stresses has given rise to some expectation. It is first of its kind of a mixed model
which is based on solution of two-point boundary value problem (BVP) governed by coupled
first-order ordinary differential equations (ODEs) through thickness of laminated composite.
Good agreement of the present results with the elasticity solution is observed. The most
significant advantage of the present development lies in the fact that both displacements and
transverse stresses are evaluated simultaneously at the lamina spatial nodes with the same
degree of accuracy through a numerical integration process.
Chronological developments in two dimensional models of laminated composites including
sandwiches and FGMs along with recent innovations, though developed for evaluation of
transverse stresses, has turned out to be an altogether a new approach most appropriately
called semi/partial discretization methodology for equilibrium problems.
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Name

David Fuhrman

Affiliation

Associate Professor, Department of
Mechanical Engineering

Position

Technical University of Denmark

Title of
Computational fluid dynamics simulation of breaking waves, sediment transport,
Presentation and coastal morphology utilizing stabilized turbulence closure models

Abstract of
Recent research from the Technical University of Denmark (DTU) on the
Presentation computational fluid dynamics (CFD) of breaking waves will be

presented. Analysis of standard two-equation turbulence closure models will
be presented, formally proving that they are unconditionally unstable in the
potential flow regions beneath surface waves. This explains the marked widespread over-prediction of turbulence levels experienced in most previous CFD
simulations of wave breaking. A simple and elegant method for their formal
stabilization will be presented, requiring minimal changes to existing codes
(say 3-4 lines of code), thus solving this problem. Model applications
demonstrating improved performance of new stabilized turbulence models will
include: (1) simple wave trains, (2) small scale spilling and plunging regular
waves, and (3) full scale plunging waves (flow, sediment transport and
morphology). In the latter case, significant improvement in the morphological
development of a so-called "breaker bar" in the vicinity of incipient wave
breaking will be shown relative to otherwise identical simulations using a
standard turbulence closure.
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Brief C.V.
Education
- PhD, 2004, Coastal Engineering, Technical University of Denmark, Denmark
- MSc (with Distinction), 2001, Hydroinformatics, UNESCO IHE-Delft, The Netherlands
- BSc (Magna Cum Laude), 1999, Civil Engineering, University of Idaho, USA

Experience
David R. Fuhrman is Associate Professor in the Department of Mechanical Engineering, Section for
Fluid Mechanics, Coastal and Maritime Engineering at the Technical University of Denmark (DTU).
His has authored over 50 peer-reviewed journal articles and numerous conference contributions on
several topics important to coastal engineering, including turbulence and turbulence modelling, wave
boundary layers, coastal sediment transport and scour, and surf zone/nonlinear wave hydrodynamics.
His research on turbulence modelling is featured in the latest open-source CFD software OpenFOAM.
He is a former U.S. Fulbright Netherland-America Foundation Scholar and was recognized as an
Outstanding Reviewer for ASCE J. of Waterway, Port, Coastal and Ocean Engineering in 2015. He
presently serves on the Editorial Boards for the ASCE J. of Waterway, Port, Coastal and Ocean
Engineering, Coastal Engineering, and Applied Ocean Research. He is co-author of the textbook
Turbulence in Coastal and Civil Engineering published recently by World Scientific in 2020.
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Name

Romesh C Batra

Affiliation

Clifton C Garvin Professor of
Engineering Science and Mechanics

Position

Biomedical Engineering and Mechanics,
Virginia Polytechnic Institute and State
University

Title of
Optimal Design of Beams, Shafts and Pressure Vessels using Functionally Graded
Presentation Materials
Abstract of
A challenging issue in structural mechanics is designing it for maximum
Presentation durability and minimum mass. One way to attain this is to have material

properties vary continuously so that the failure criterion is simultaneously met
at every point in the structure. We have found the needed spatial variation of
the elastic moduli for bending of a beam, radial expansion of cylindrical and
spherical pressure vessels, and torsion of a circular shaft made of
incompressible linearly elastic materials. In each case, the spatial variation of
the elastic modulus depends upon the boundary conditions and the failure
criteria used. Some of these results have been extended to non-linear elastic
problems.
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Brief C.V.
Romesh Batra is a University Distinguished Professor at Virginia Tech. He has mentored to
completion 38 Ph.D. students, and collaborated with over 60 Post-doctoral Fellows and
Visiting
Scientists/Researchers.
The
video
(https://www.youtube.com/watch?v=iVX8kHLzruA
or
https://www.asme.org/topicsresources/content/video-romesh-batra-honorary-member-2015) summarizes his life till 2015
with additional details available at the website
(https://www.sites.beam.vt.edu/batra/)
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Name

Larks E Holmedal

Affiliation

Professor, Department of Marine
Technology

Position

NTNU University

Title of
Oscillatory boundary layer
Presentation
Abstract of
Oscillating boundary layers are of vital importance for both geophysical and
Presentation marine flows, such as seabed and tidal boundary layers and the resulting

sediment transport, and for industrial flows, such as flow in a rectangular cavity
driven by a simultaneous oscillatory motion of the vertical walls, relevant to a
piston moving inside a circular cylinder in combustion engines. It is also
important for oscillating turbulent wall shear layers since the major part of the
vortex generation takes place within the wall boundary layer. In the present talk
we will present some results from our research over two decades with a main
focus on seabed and tidal boundary layers, with some additional results
obtained from our Navier Stokes solver on DNS of an oscillating turbulent
boundary layer, as well as from the vortex generation within an oscillating lid
driven cavity flow.
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Brief C.V.
Education
- MS, 1993, NTNU
- PhD, 2002, NTNU
Experience

Lars Erik Holmedal is professor in marine hydrodynamics at the Department of Marine
Technology, NTNU. He is also research group leader for the group of marine constructions,
which is one of the leading groups within engineering science in Norway. His research
focuses on Computational Fluid Dynamics and Coastal Engineering, including seabed
boundary layers, tidal flows, sediment transport and recently flow over bluff bodies.
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Name

Kalyanmoy Deb

Affiliation

Koenig Endowed Chair Professor
Department of Electrical and Computer
Engineering

Position

Michigan State University

Title of
Advances in Optimization Methods for Engineering Problem Solving
Presentation
Abstract of
Optimization methods are commonly used in solving various kinds of
Presentation engineering problems. They include (i) design and manufacturing, (ii)

modeling, (iii) control, (iv) inverse problems, (v) scheduling, (vi) prediction
and forecasting, (vii) clustering and classification, (viii) data analytics, (ix)
design of experiments, (x) resource allocation, (xi) supply chain management,
and others [1]. Despite their broad application domain, they are not emphasized
enough in our undergraduate or graduate curriculum, and students are expected
to “learn” on their own a suitable method from the literature and “find” a
generic optimization code from the public/commercial domain to use it in their
research.

In this keynote lecture, we shall review the scope of optimization problems
that are prevalent in engineering problem solving tasks. Following that, we
shall provide a brief phisophical discussion on mainly two classes of
optimization methods – point-based and population-based – with their merits
and demerits. We shall introduce an increasingly-used population-based
optimization method – evolutionary optimization – with more details. Emphasis
will be made on the design of a customized optimization method for a problem
class, which stays as a viable practical solution, instead of a generic
optimization method. Having demonstrated their niche in two different
industrial problems: (i) a complex solar collector system design and (ii) a largescale resource allocation problem involving billion variables, we shall introduce
a few other practicalities that are well-handled using evolutionary optimization
problems: (i) multi-objective optimization [2], (ii) surrogate-assisted
optimization, and (iii) dynamic optimization. Optimization methods are now
extended to tackle most challenges from practice, including uncertantity
handling, mixed-integer programming, hierarchical optimization, knowledge
extraction from optimal solution, neural architecture search, explainable AI.
More scope and application of optimization methods can be found from
author’s website https://www.egr.msu.edu/~kdeb or from his Computational
Optimization and Innovation (COIN) Laboratory website https:/www.coinlab.org.
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1. Deb, K., Optmization methods for engineering design, Prentice-Hall, New Delhi, 1995.
2. Deb, K., Multi-objective optimization using evolutionary algorithms, Wiley, Chichseter,
UK, 2001.

Brief C.V.
Kalyanmoy Deb is Koenig Endowed Chair Professor at Department of Electrical and Computer
Engineering in Michigan State University, USA. Prof. Deb's research interests are in evolutionary
optimization and their application in multi-criterion optimization, modeling, and machine learning. He
has been a visiting professor at various universities across the world including University of Skövde in
Sweden, Aalto University in Finland, Nanyang Technological University in Singapore, and IIT
Kharagpur in India. He was awarded IEEE Evolutionary Computation Pioneer Award for his sustained
work in EMO, Infosys Prize, TWAS Prize in Engineering Sciences, CajAstur Mamdani Prize,
Distinguished Alumni Award from IIT Kharagpur, Edgeworth-Pareto award, Bhatnagar Prize in
Engineering Sciences, and Bessel Research award from Germany. He is fellow of IEEE, ASME, and
three Indian science and engineering academies. He has published over 545 research papers with
Google Scholar citation of over 145,000 with h-index 121. He is in the editorial board on 18 major
international journals. More information about his research contribution can be found from
https://www.coin-lab.org.
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Advances in Optimization Methods for Engineering Problem Solving
Kalyanmoy Deb
Koenig Endowed Chair Professor
Department of Electrical and Computer Engineering
Michigan State University
East Lansing, MI 48824, USA
Email: kdeb@egr.msu.edu
Web: https://www.egr.msu.edu/~kdeb
ABSTRACT
Optimization methods are commonly used in solving various kinds of engineering problems.
They include (i) design and manufacturing, (ii) modeling, (iii) control, (iv) inverse problems,
(v) scheduling, (vi) prediction and forecasting, (vii) clustering and classification, (viii) data
analytics, (ix) design of experiments, (x) resource allocation, (xi) supply chain management,
and others [1]. Despite their broad application domain, they are not emphasized enough in our
undergraduate or graduate curriculum, and students are expected to “learn” on their own a
suitable method from the literature and “find” a generic optimization code from the
public/commercial domain to use it in their research.
In this keynote lecture, we shall review the scope of optimization problems that are
prevalent in engineering problem solving tasks. Following that, we shall provide a brief
phisophical discussion on mainly two classes of optimization methods – point-based and
population-based – with their merits and demerits. We shall introduce an increasingly-used
population-based optimization method – evolutionary optimization – with more details.
Emphasis will be made on the design of a customized optimization method for a problem
class, which stays as a viable practical solution, instead of a generic optimization method.
Having demonstrated their niche in two different industrial problems: (i) a complex solar
collector system design and (ii) a large-scale resource allocation problem involving billion
variables, we shall introduce a few other practicalities that are well-handled using
evolutionary optimization problems: (i) multi-objective optimization [2], (ii) surrogateassisted optimization, and (iii) dynamic optimization. Optimization methods are now extended
to tackle most challenges from practice, including uncertantity handling, mixed-integer
programming, hierarchical optimization, knowledge extraction from optimal solution, neural
architecture search, explainable AI. More scope and application of optimization methods can
be found from author’s website https://www.egr.msu.edu/~kdeb or from his Computational
Optimization and Innovation (COIN) Laboratory website https:/www.coin-lab.org.
REFERENCES
1. Deb, K., Optmization methods for engineering design, Prentice-Hall, New Delhi, 1995.
2. Deb, K., Multi-objective optimization using evolutionary algorithms, Wiley, Chichseter, UK, 2001.
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Name

D.V. Griffiths

Affiliation

Professor of Civil Engineering

Position

Colorado School of Mines

Title of
Computational Slope Stability and Risk Analysis
Presentation
Slope stability analysis remains a central activity for geotechnical practitioners and a
Abstract of
Presentation continued area of interest and research for academics. A wide range of methodologies
for slope stability analysis have been developed, ranging from Taylor’s charts from the
1930’s to state-of-art random finite element methods for probabilistic analysis. The
lecture describes two simple undrained slope stability analyses that can lead to
unconservative (unsafe) solutions. Firstly, a classical problem solved by Taylor is
revisited using (i) simple optimization, (ii) elastic-plastic finite elements with strength
reduction and (iii) upper- and lower-bound finite element limit analysis. The results
show the benefits of the finite element approaches, especially as the slope becomes
relatively flat where the simple approach starts to overestimate the factor of safety.
Secondly, a probabilistic slope stability analysis is performed using (i) a simple
analytical approach and (ii) the random finite element method (RFEM). For the case
considered, the analytical approach is shown to underestimate the probability of
failure, by failing to account for spatial variability in the form of a correlation length.

Indian Institute of Technology Kharagpur

1|P age

Advanced Mechanics of Materials (AM) / Experimental Mechanics (EM) / Fluid Mechanics (FM) / Interdisciplinary Mechanics (IM) /
Solid Mechanics (SM) / Vibration And Control (VC)

Brief C.V.
Vaughan Griffiths is a Professor of Civil Engineering at the Colorado School of Mines and was
previously at the University of Manchester UK. His interests lie in application of finite element and
risk assessment methodologies in civil engineering. His papers on slope stability are among the most
highly cited in the geotechnical engineering research literature. He is the co-author of three textbooks
that have gone into multiple editions including the Chinese language on “Programming the Finite
Element Method” by Smith and Griffiths, “Risk Assessment in Geotechnical Engineering” by Fenton
and Griffiths and “Numerical Methods for Engineers” by Griffiths and Smith. He gives regular shortcourses on Risk Assessment in Geotechnical Engineering for practitioners, with recent offerings in
China, New Zealand, Australia, Colombia, Norway, Canada, Taiwan and the USA. Professor Griffiths
is an editor of Computers and Geotechnics and was on the Advisory Panel of Géotechnique from
2012-2018. In 2017, he was named the Cross-Canada Lecturer by the Canadian Geotechnical Society
and received the H. Bolton Seed Medal from the ASCE/Geo-Institute. He is a Distinguished Member
of the ASCE, and served as an ASCE Director from 2010-2013.
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Computational Slope Stability and Risk Analysis
D.V. Griffithsa
a

Colorado School of Mines, Golden, USA

1. INTRODUCTION & OBJECTIVE

Slope stability analysis remains a central activity for geotechnical practitioners and a
continued area of interest and research for academics. A wide range of methodologies for
slope stability analysis have been developed, ranging from Taylor’s charts from the 1930’s to
state-of-art random finite element methods for probabilistic analysis. The lecture describes
two simple undrained slope stability analyses that can lead to unconservative (unsafe)
solutions. Firstly, a classical problem solved by Taylor is revisited using (i) simple
optimization, (ii) elastic-plastic finite elements with strength reduction and (iii) upper- and
lower-bound finite element limit analysis. The results show the benefits of the finite element
approaches, especially as the slope becomes relatively flat where the simple approach starts to
overestimate the factor of safety. Secondly, a probabilistic slope stability analysis is
performed using (i) a simple analytical approach and (ii) the random finite element method
(RFEM). For the case considered, the analytical approach is shown to underestimate the
probability of failure, by failing to account for spatial variability in the form of a correlation
length.
2. DETERMINISTIC EXAMPLE
We take a relatively flat uniform undrained clay slope and find the Fctor of Safety by three different methods: (i)
using the classical approach of Taylor (1937), (ii) using the elastic-plastic finite elements (Griffiths and Lane
1999), and (iii) using the adaptive finite element limit analysis software of Martin (2011). Taylor’s charts assume
circular failure mechanisms, but the other two methods are free to find the most critical shape and location of the
failure mechanism. It is shown that for relatively flat slopes with little to no underlying foundation layer, the
circular mechanisms of Taylor are significantly different to the “true” failure mechanism which are highly noncircular as shown in Figure 1. It is shown that the assumption of circular failure mechanisms can lead to an
overestimation of the Stability Number (proportional to the Factor of Safety) by as much as 12% (Griffiths and
Martin
(2019).

Figure 1. Comparison of failure mechanisms and the stability number N for a 5°
foundation layer

( D = 1)

flat slope with no

using circles (Taylor), elastic-plastic finite elements (EPFE) and finite element limit

analysis (FELA). The circles in this case give a stability number, and hence factor of safety, that is 12% higher
than that obtained using FELA with adaptive meshing.
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2. PROBABILISTIC EXAMPLE
We take another undrained slope, but this time assume that the undrained strength is lognormally distributed,
with a given mean and standard deviation. The probability of slope failure is computed by two different methods:
(i) using an analytical “single random variable” approach (e.g. Baecher and Christian 2003) and (ii) using the
Random Finite Element Method (RFEM) (Griffiths and Fenton 2004) in which a third parameter is included,
namely the spatial correlation length. In a slope with a rather low factor of safety (based on the mean value), the
spatial correlation length is shown to have a significant effect on the probability failure, exhibiting a “worst case”
(Zhu et al. 2019). It is shown that the simple analytical approach, which entirely ignores the spatial correlation
length (by assuming it is infinite), can greatly underestimate of the probability of failure as shown in Figure 2.

Figure 2. Probabilistic
analysis of an undrained
slope with three different
mean Factors of Safety

( FS ) . The probability of
( ) computed

failure p f

using RFEM can be
significantly higher than
that obtained using
analytical methods that
ignore the influence of the
spatial correlation length
( Θ ) . Analytical solutions
are indicated by arrows to
the right side of the graphs.
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4. Griffiths, D.V. and Martin, C.M. (2019) Critical failure mechanisms in relatively flat undrained slopes,
Géotechnique Letters 10(2), 95-99.
5. Martin, C.M. (2011) The use of adaptive finite-element limit analysis to reveal slip-line fields,
Géotechnique Letters 1(2), 23-29
6. Zhu, D, Griffiths, D.V. and Fenton, G.A. (2019) Worst case spatial correlation length in probabilistic slope
stability analysis, Géotechnique 69(1), pp.85-88.
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Hydrogen induced fast fracture
Presentation
Abstract of
One of the recurring anomalies in the hydrogen induced fracture of high
Presentation strength steels is the apparent disconnect between the toughness and tensile

strength. For example, the toughness of a high strength steel is typically
reduced from approximately 100 MPa√m to about 20 MPa√m in the presence
of hydrogen while concurrently the strength reduces from 2 GPa to about 400
MPa. Traditional fracture mechanics then suggests that quasi-brittle fracture
under uniaxial tension occurred by the growth of a pre-existing flaw of size
≈ 1600 µm. There is no evidence of the presence of such large pre-existing
flaws in high quality steels. This raises the question as to what is the hydrogenmediated fracture process that reduces the strength of such steels?

Here we propose, supported by detailed atomistic and continuum calculations,
that unlike macroscopic toughness, hydrogen-mediated tensile failure is a result
of a fast-fracture mechanism. Specifically, we show that failure originates from
the fast propagation of cleavage cracks that initiate from cavities that form
around inclusions such as carbide particles. The failure process occurs in two
stages. In stage-A, hydrides rapidly form around the roots of stressed notches
on the cavity surfaces with hydrogen fed from the hydrogen gas within the
cavity. These hydrides promote cleavage fracture with the cracks propagating at
> 100 ms−1 until the hydrogen gas in the cavity is exhausted. Predictions of
this hydrogen-assisted crack growth mechanism are supported by atomistic
calculations of binding energies, mobility barriers and molecular dynamics
calculations of the fracture process. Typically, cracks grow by less than 1 µm
via this hydrogen-assisted mechanism and thus insufficient to cause
macroscopic fracture of the specimen. However, this stage is then followed by a
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stage-B process where these fast propagating cracks can continue to grow, now
in the absence of hydrogen supply, given an appropriate level of remote tensile
stress. This is surprising because the fracture energy is now that of Fe in the
absence of H and cleavage fracture requires opening tractions on the order of 15
GPa to be generated. Thus, fracture is usually precluded due to plasticity
around the crack-tip. Here we show via macroscopic continuum crack growth
calculations in a rate dependent elastic-plastic solid with fracture modelled
using a cohesive zone that cleavage is possible if the crack propagates fast
enough. This is because strain-rates at the tips of fast propagating cracks are
sufficiently high for the drag on the motion of dislocations resulting from
phonon scattering to limit plasticity. This combined atomistic/continuum model
is used to explain a host of well-established experimental observations
including (but not limited to): (i) insensitivity of the strength to the
concentration of trapped hydrogen; (ii) the extensive microcracking in addition
to the final cleavage fracture event and (iii) the higher susceptibility of high
strength steels to hydrogen embrittlement.

Brief C.V.
Prof. Vikram Deshpande joined the faculty of Engineering at the University of Cambridge as a
lecturer in October 2001 and was promoted to a professorship in Materials Engineering in
2010. He has written in excess of 250 journal articles in the experimental and theoretical
mechanics solid mechanics with an h-index of 69. He serves on the editorial boards of a
number of journals in mechanics and biomechanics including Journal of the Mechanics and
Physics of Solids, Modelling and Simulation in Materials Science and Engineering and the
Proceedings of the Royal Society, London. He has awarded the Philip Leverhulme Prize, the
William Hopkins medal, the 2020 Rodney Hill Prize in Solid Mechanics and has been elected
Fellow of the Royal Society, London.
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Homogeneous dynamic characteristics of damped 2D elastic lattices

Presentation
Abstract of

Lattice materials are characterized by their equivalent elastic moduli and Poisson’s

Presentation ratios for analyzing their mechanical properties. The values of the elastic moduli
under static forcing condition are primarily dependent on the geometric properties of
the constituent unit cell and the mechanical properties of the intrinsic material. Under
a static forcing condition, the equivalent elastic moduli (such as Young's modulus)
are always positive. Poisson’s ratio can be positive or negative, depending only on
the geometry of the lattice (e.g., re-entrant lattices have a negative Poisson’s ratio).
When dynamic forcing is considered, the equivalent elastic moduli and Poisson’s
ratios become functions of the applied frequency and become complex at due to the
presence of damping. This lecture, for the first time, explicitly demonstrates the
occurrence of negative equivalent Young's modulus in lattice materials. In addition,
we show the reversal of Poisson’s ratio. Above certain frequency values, a regular
lattice can have negative Poisson’s ratio, while a re-entrant lattice can have a positive
Poisson’s ratio. Using a titanium-alloy hexagonal lattice metastructure, it is shown
that the real part of experimentally measured in-plane Young's modulus becomes
negative under a dynamic environment as well as the reversal of the real part of the
Poisson’s ratios. In fact, we show that the onset of negative Young's modulus and
Poisson’s ratio reversal in lattice materials can be precisely determined by capturing
the sub-wavelength scale dynamics of the system. Experimental confirmation of the
negative Young's moduli and Poisson’s ratio reversal together with the onset of the
same as a function of frequency provide the necessary physical insights and
confidence for its potential exploitation in various multi-functional structural systems
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and devices across different length scales.

Brief C.V.
Prof Adhikari is the chair of Aerospace Engineering in the College of Engineering of
Swansea University. He was a Wolfson Research Merit Award holder from the Royal Society.
He received his PhD in 2001 from the University of Cambridge (in Trinity College). He was
an Engineering and Physical Science Research Council (EPSRC) Advanced Research Fellow
and winner of the Philip Leverhulme Prize. He was a lecturer at the Bristol University and a
Junior Research Fellow in Fitzwilliam College, Cambridge. He was a visiting Professor at the
Carleton University, University of Johannesburg, University of Paris (east), Ecole Centrale
Lyon, UT Austin, Rice University, IIT Kanpur and a visiting scientist at the Los Alamos
National Laboratory.
His research areas are multidisciplinary in nature and include uncertainty quantification in
dynamic systems, metamaterials, computational nanomechanics, dynamics of complex
systems, inverse problems for linear and non-linear dynamics and vibration energy harvesting.
He has published five books, more than 300 international journal papers and 190 conference
papers in these areas (h-index=64). Professor Adhikari is a Fellow of the Royal Aeronautical
Society, Associate Fellow of American Institute of Aeronautics and Astronautics (AIAA) and
member of the AIAA Non-Deterministic Approaches Technical Committee (NDA-TC). He is
a member of the editorial board of several journals such as: Advances in Aircraft and
Spacecraft Science, Probabilistic Engineering Mechanics, Computer and Structures and
Journal of Sound and Vibration.
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Brief C.V.
N.Gopalakrishnan was a scientist at the Advanced seismic Testing and Research Laboratory
(ASTaR) of CSIR-SERC, before assuming charge as Director, CSIR-CBRI
He has done B.E at the college of Engineering, Guindy (CEG), 1984, followed by M.Tech at
the Indian Institute of Technology, (IIT) Madras in Structural Engineering, 1986. He has
obtained Ph. D from the Indian Institute of Science,(IISc) Bangalore. He was a design
engineer at the Tata Consulting Engineers, Bangalore between 1986-1987. Later on he joined
CSIR-SERC at the then structural dynamics and machine foundation (SDL) division of CSIRSERC as Scientist-B in 1987. He moved on to Earthquake Engineering division of CSIRSERC called as the ASTaR lab in 2003 after the laboratory was commissioned. He was
actively involved in the planning, design and construction of this laboratory at CSIR-SERC.
His field of interest include :
•
•
•
•
•
•

Structural Dynamics and Earthquake Engineering
Experimental methods in Structural Engineering
Machine supporting structure and soil-structure interaction
Reinforced concrete structures
Structural health monitoring
Smart materials and structures

He has co-authored 86 international and national journal publications and has been credited
with the prestigious Ramaiah’s prize for the best publication for five years. He has filed five
Indian patents. He had been a UNDP visiting fellow at the University of Michigan, Ann
Arbor, State University of New York, Buffalo (SUNY-B) and Cornell university, Ithaca
during 1994-95. He has done many collaborative and sponsored industrial projects for
industrial and strategic sectors, notable of them include those funded by National programme
of micro and smart structures (NPMASS), ARDB, DST, Rubber Board, BRNS, IGCAR,
BARC, NPCIL, DRDO, and VSSC.
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Aerodynamics of sports balls and badminton shuttle-cock

Presentation

Brief C.V.
After finishing his undergraduate program in Aeronautical Engineering at
IIT Kanpur in 1988, Sanjay Mittal went to the graduate school at
University of Minnesota, USA. He received his MS in 1990 and PhD in
1992. He returned to IIT Kanpur in 1994 following his post-doctoral
research fellowship at the Army High Performance Computing Research
Center, Minneapolis. He was recently felicitated for completing 25 years
of distinguished service at IIT Kanpur. Sanjay is a regular at the
badminton courts at IITK and his interest in sports has found its way in his
research.

Besides

sports

aerodynamics,

Sanjay

has

interest

in

aerodynamic shape optimization, fluid-structure interactions, bluff body
flows, modeling of traffic, flows in air intakes of aircrafts, parachutes, high
performance computing and experimental aerodynamics.
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Aerodynamics of sports balls and badminton shuttle cock
Kunjal Shah1a, Ravi Shakya1a, Gaurav Chopra1a, Aman Parekh1a, Daksh Chaplot1a, Aryan
Sinha1a and Sanjay Mittal1a1
a

Aerospace Engineering, IIT Kanpur, Kanpur, India

1. INTRODUCTION & OBJECTIVE

The aerodynamics of sports projectiles is investigated via experiments in a low speed wind
tunnel as well as CFD. Force measurements are carried out for various speeds ranging
between 15 m/s to 75 m/s on actual balls used in various sports. The force data is utilized to
estimate the trajectory of the projectiles. The role of seam in the swing and reverse-swing of a
new cricket ball and as it gets old will be discussed. We will also look at "contrast swing" that
is employed by bowlers by leveraging the differential shine/roughness on the two halves of
the ball. The surface roughness and the seam affect the transition of the boundary layer from a
laminar to turbulent state. It will be shown that the formation of a Laminar Separation Bubble
(LSB) plays an important role in the lateral forces that the ball may experience. Surface
pressure measurements, oil flow visualization and 2D-PIV have been carried out to probe the
flow physics. Studies on synthetic and duck-feather models of a badminton shuttlecock will be
presented to shed light on the difference in their trajectories.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The drag force on a sports projectile is significantly affected by the state of boundary layer on
it. It is well known that the turbulent boundary layer on a bluff body leads to lower drag as
opposed to a laminar one. The critical Reynolds number for the transition of the boundary
layer depends on the surface roughness of the projectile as well as protrusions on it. The same
has been estimated from measurements for different sports balls. The effect of the
rotation/spin of a cricket ball on the aerodynamic forces is estimated via CFD.
The badminton shuttlecock undergoes significant deformation during its flight which alters its
drag. Experiments as well as CFD simulations for the fluid-structure interactions are carried
out to understand the phenomenon.
REFERENCES
1.

K. Shah, R. Shakya, and S. Mittal, “Aerodynamic forces on projectiles used in various sports”, Physics of
Fluids 31 (1), 015106, 2019.
R Deshpande, R Shakya, S Mittal, “The role of the seam in the swing of a cricket ball”, Journal of Fluid
Mechanics 851, 50-82, 2018.
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Title of
A Neural Element Method
Presentation
Abstract of
Methods of Artificial Neural Networks (ANNs) has been applied to solve
Presentation various science and engineering problems. TrumpetNets and TubeNets were

recently proposed by the author for creating two-way deepnets using the
standard finite element method (FEM) and S-FEM as trainers. The significance
of these specially configured ANNs is that the solutions to inverse problems
have been, for the first time, analytically derived in explicit formulae.

This work presents a novel neural element method (NEM) for mechanics
problems with a focus on mechanics problems. The key idea is to use artificial
neurons to form elemental units called neural-pulse-units (NPUs), using which
shape functions can then be constructed, and used in the standard weak and
weakened-weak (W2) formulations to establish discrete stiffness matrices,
similar to the standard FEM. Detailed theory, formulation and codes in Python
are presented in detail. Numerical examples are then used to demonstrate this
novel NEM. For the first time, we have made a clear connection, (in theory,
formulations and coding), between ANN methods and physical-law-based
computational methods. We believe that his novel NEM changes fundamentally
the way approaching mechanics problems, and opens a window of opportunity
for a range of applications. It offers a new direction of research on unconventional computational methods. It may also have an impact on how the
well-established weak and W2 formulations can be introduced to machining
learning processes, for example, creating well-behaved loss functions with
preferable convexity.
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Brief C.V.
Dr. Liu received PhD from Tohoku University, Japan in 1991. He was a PDF at Northwestern
University, USA from 1991-1993. He is currently a Professor at the University of Cincinnati,
USA. He authored a large number of journal papers and books including two bestsellers:
“Mesh Free Method: moving beyond the finite element method” and “Smoothed Particle
Hydrodynamics: a Meshfree Particle Methods.” He is the Editor-in-Chief of the International
Journal of Computational Methods, Associate Editor of IPSE and MANO. He is the recipient
of numerous awards, including the Singapore Defence Technology Prize, NUS Outstanding
University Researcher Award and Best Teacher Award, APACM Computational Mechanics
Awards, JSME Computational Mechanics Awards, ASME Ted Belytschko Applied
Mechanics Award, Zienkiewicz Medal from APACM, the AJCM Computational Mechanics
Award, and the Humboldt Research Award. He is listed as a world top 1% most influential
scientist (Highly Cited Researchers) by Thomson Reuters in 2014-2016, 2018, 2019. ISI
citations by others:~17800. ISI H-index:~77; Google Scholar H-Index: 101
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Presentation

Brief C.V.
Professor Seok-Soon Lee is the professor of Mechanical Engineering at Gyeongsang National
University and the president of the Society of Aerospace System Engineering. He graduated
from BSc (1982) in Aerospace Engineering from the Korea Aerospace University and MS
(1984) and PhD (1989) in Mechanical Engineering from Korea Advanced Institute of
Science and Technology (KAIST). Dr, Lee’s research interests are structural analysis and
testing, optimum design, CAD/CAE and eletromagnetic application in mechanics. Current
researches are the high frequency induction hardening and electromagnetic forming
simulations with FEA. Dr. Lee has published over 60 journal articles, 11 books and over 250
conference articles. Dr. Lee is an inventor on 11patents and over 10 patents pending. Dr.
Lee is a fellow of The Korean Society of Mechanical Engineering (KSME), The Korean Society
of Precision Engineering (KSPE), The Korean Society of Automotive Engineering (KSAE) and
The Society for Aerospace System Engineering (SASE). He was the Head of Mechanical
Engineering Training and Education Center (METEC) (2001-2006) and Brain Korea 21
Regional University Promotion Program (2002-2006). He was the Editor–in-Chief of Journal
of Aerospace System Engineering and International Journal of Aerospace System
Engineering. He served the chair of Asia Joint Symposium on Aerospace Engineering
2018(AJSAE2018) on October 31- November 3, 2018, Gyeongju, Korea and International
Conference on Advances in Aerospace and Mechanical Engineering 2019(AAME 2019) on
July 9-12, 2019 Songdo Convencia, Incheon, Korea
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Inudction Welding of Thermoplastic Composite using
Magnetite
Seok-Soon Lee1a and In-Seok Back1a
a

Department of Mechanical Engineering and Engineering Research Institute, Gyeongsang National University,
501, Jinju-si, Gyeongsangnam-do 52828, Republic of Korea

1. INTRODUCTION & OBJECTIVE
Many air vehicle structures, as well as automobile frames, are made from composites, because of
composites offers the advantages of shorter processing times and reduced weight of the fabricated
structure. Thermosetting composites have commonly been used for these applications, but these are
replaced by thermoplastics. It is difficult to impregnate the reinforcing fibers since thermoplastic resin
is solid at room temperature. However, reheating is possible so that the thermoplastic composite
material can be modified and remolded. Thermoplastics offer equivalent performance to thermosetting
composites and can be recycled via heating. Additionally, thermoplastics can be produced quickly at
low cost. But thermoplastic resins can be deformed only to a limited degree: the thermoplastic parts
produced today have simple shapes, and complex shapes are needed to combine parts. Bonding is an
important step in the process of manufacturing thermoplastic composites, which may weaken because
bonding can cause irregularities in the structure. Mechanical fastening has many disadvantages,
including a concentration of stress in the material, peeling during drilling, a difference in thermal
expansion between the fastener and the composite, water penetration into the joint, galvanic corrosion,
weight gain and extensive labor and time requirements. Adhesive bonding is superior to mechanical
fastening because it avoids stress concentration, but difficulties are still encountered when it is applied
to thermoplastics.
In this study, a susceptor was prepared by mixing polyamide 6 (PA6) resin and Fe 3 O 4 . Induction
welding was performed on a thermoplastic fiber-reinforced plastic consisting of PA6/carbon fiber
(CF, 30%). Since thermoplastics can be reheated, 10 reheating tests were performed to identify
whether there was a change in the induction heating characteristics. Induction welding was performed
using a 10-kW heating device. Specimens were fabricated using the single lap joint method and a
tensile test was performed to determine the weldability and mechanical performance by calculating the
lap shear strength (LSS). Figure 1 shows the whole process. This study is intended to improve the
induction welding performance of thermoplastic composites by fabricating new susceptors.

Figure 1 Experimental process (a) Heating temperature measurement using infrared camera (b) Induction
welding (c) Tension test.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The induction heating behavior of a 450 μm-thick thin-film susceptor — fabricated by
mixing magnetite (Fe 3 O 4 ) nanoparticles (NPs) and PA6/CF (30%) thermoplastic resin — was
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examined with respect to the weight ratio of Fe 3 O 4 (50, 67, 75 and 80 wt%). The useful
induction heating behavior of the 75 wt% Fe 3 O 4 susceptor suggested its suitability for
additional heat-treatment experiments, carried out at 3.4 kW at a frequency of 100 kHz. This
susceptor attained the same maximum temperature during 10 cycles of repeated induction
heating and cooling. It was then used to weld two thermoplastic composites, with 60 s of
induction heating followed by 120 s of simultaneous cooling and pressing. The resulting
welded joints had lap shear strength values of 36.8, 34.0, and 36.4 MPa under tensile test
loads of 884, 817, and 874 N as shown in Figure 2, respectively. Scanning electron
microscopy images confirmed a uniform weld quality. Thus, the proposed manufacturing
method, involving the incorporation of Fe 3 O 4 into thermoplastic resin, should help expand the
range of applications for thermoplastic composites.

Figure 2 Result of adhesion failure after tensile test
Figure 2 Result of adhesion failure after tensile test

REFERENCES
1. Bayerl, T; Duhovic, M; Mitschang, P., “The heating of polymer composites by electromagnetic inductiona review.”, Comp. Part A Appl. Sci. Manuf., 57, 27-40, 2014.
2. Lee, Y.S.; Song, S.A.; Kim, W.J., “Fabrication and characterization of the carbon fiber composite sheets.”
Comp. Res., 28, 168–175, 2015.
3. Francesca, L.; Riccardo, D.; Francesco, M.; Alfonso, M. “Modeling of continuous ultrasonic impregnation
and consolidation of thermoplastic matrix composites.” Compo. Part A Appl. Sci. Manuf, 82, 119–129,
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4. Farahani, R.D.; Dubé, M. “Novel Heating Elements for InductionWelding of Carbon Fiber/Polyphenylene
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Part A Appl. Sci. Manuf, 37, 1638–1651, 2006
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Modular Construction – Mechanics, Benefits, and Challenges Involved

Presentation
Modular construction refers to completing a large part of the construction work
offsite in a weather-controlled factory and possibly using an automated or semiPresentation automated process similar to what is used in a vehicle assembly plant. The level of
automation and the amount of offsite construction depend on the ability of the
modular construction company. The advantages of the modular construction
method are that it reduces a significant amount of onsite construction time and
ensures better quality control. It also cuts down the offsite construction time
significantly. This talk will present the discussion on modular construction
techniques, various materials used for modular construction, the complexity of
load sharing mechanism and connection detailing, and construction challenges
faced. Then a general discussion on a special type construction using steel tubular
members and unique cast-steel connectors will be discussed. The research work
being undertaken at the University of Windsor to establish this modular
construction as a viable method will also be presented.
Abstract of
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Dr. Sreekanta Das has completed his bachelor program in civil engineering at BE College,
Shibpur (which is now known as IIEST) in India and master’s program in civil engineering at
the University of Wollongong in Australia. He completed his doctoral degree in structural
engineering at the University of Alberta in Canada. In between, he worked as a civil
engineer in India for few years. He also worked as a Defence Scientist of Canadian National
Defence which is known as DRDC or Defence Research and Development Canada for two
years before joining the University of Windsor in 2004. Since 2014, he has been working as
a full-time faculty member at the Department of Civil and Environmental Engineering of
the University of Windsor in Canada. His primary research includes structural behavior of
oil and gas pipeline, steel modular building structure and connections, and concrete block
masonry structure. He is a technical member of Canadian Design Standard, CSA S304:
Design of Masonry Structure and a member of Canadian Pipeline Technology Collaborative
or CPTC. He is an Associate Editor of Canadian Journal of Civil Engineering. He has
authored/co-authored over 175 technical papers including 105 journal papers and 76
conference papers.
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Modular Construction – Mechanics, Benefits, and Challenges
Involved
Presenter: Sreekanta Das 1a1
1a

Professor of Structural Engineering, University of Windsor, Windsor, Ontario, Canada

1. INTRODUCTION & OBJECTIVE

Modular construction, also known as offsite construction, is the process of manufacturing and
preassembling elements, panels, and modules in a weather-controlled factory and then transporting
them to the construction site for installation. This method of construction has been implemented with
various levels of complexity throughout history and use of modular construction can be traced back
as early as the 17th century when an English fisherman shipped a disassembled home from England
to America. In the 18th century, as a response to the quick housing needs during the California Gold
Rush in the USA, over 500 preassembled homes were built in New York and shipped to California.
In the 19th century, the E.F. Hodgson Company in the USA developed a catalog of modular homes
that this company sold throughout the country. Until then, modular construction has been limited to
the construction of single dwelling homes. With new technology, such as the availability of better
cranes and automation in factories, modular construction is being implemented to construct
apartment buildings, hotels, and office buildings.
An advantage to modular construction is that it reduces a substantial amount of onsite construction
time and construction activities and thus, it ensures better quality control resulting in an affordable,
sustainable, and efficient alternative to traditional construction practices. The countless benefits of
the modular construction method can be the solution for the growing infrastructure needs of large
cities, such as office space and apartment buildings. Modular construction technology also has the
potential to solve the homeless problem in many cities around the world.
Modular construction encompasses a great range of module types and materials such as steel,
concrete, and timber. These days, steel-based modular construction is the material of choice,
especially for the construction of high-rise buildings. As with any construction method, modular
construction comes with its own set of design challenges, complex load transfer mechanisms, and
detailing of connections and lateral load-resisting systems. Thus, innovative research and
development is needed and several research groups around the world, including the University of
Windsor in Canada, are actively involved in finding the answers to these challenges.
As the demand for modular construction continues to increase, more sophisticated technologies have
been developed by different companies for its implementation, particularly for the construction of
modular buildings. One such company is Z-Modular, a division of the multibillion-dollar company
Zekelman Industries, which has locations across the USA and Canada. Z-Modular, a pioneer in the
1
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development of hollow structural steel (HSS) or steel tubes based modular construction technology,
uses the VectorBloc system to construct modular steel buildings. The VectorBloc system is a
proprietary state-of-the-art cast steel connector called VectorBloc connecter and modules made from
HSS members. A key component to modular construction is the connection between the modules
themselves, and the novelty of the VectorBloc connection is that it provides both beam-column
connections in a module and intermodular connections between modules.
Currently there are no codes or standards that provide guidelines on design of modules using HSS
members and VectorBloc connectors. Thus, research involving testing and finite element analysis
are conducted to determine its behavior under different load conditions. Additionally, full-scale fire
testing is being conducted to satisfy the need of fire codes and standards in the USA and Canada.
Research on the VectorBloc system is ongoing and is expected to continue to further develop this
system as the scope of its application continues to increase.
This objective of this talk is to present the history of modular construction, from its origins in the
17th century, rise in prominence in the 19th century, expansion during the 20th century, to continued
growth in the 21st century and beyond. This talk also presents the challenges and complexity in terms
of design and detailing of connections involved with the modular constructions and research needed.

2. SUMMARY OF IMPOINTANT POINTS
The concept of modular construction has been around since 17th century and it has been used in
construction of dwelling homes in the developed nations. However, modular construction was not
popularized until the 19th century when technological advances in terms of machinery and
automation became available. There are several larger companies who have recently helped in
making modular construction a success. The current trend in research and development is the
implementation of volumetric modular construction in constructing high-rise building. There are
many challenges in terms of tolerance in construction, availability of cranes, connection detailing,
and automation in making the modules in the factory. Several research institutions and research
groups, including the University of Windsor in Canada, are actively involved in finding the solutions
for these challenges.
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Current pandemic situations has created alarming global awareness resulting in
significant escalation to maximize the efforts, in tracking the existence,
Presentation quantifying the presence, analyzing the effects by using various control/safety
measures and to get protected from variety of hazardous virus/aerosols including
COVID-19.
Abstract of

Size, number concentration and flow dynamics of these particulate matter are
being gauged by using various experimental tools including particle
sizers/counters & flow visualization/quantification methods like 2D-PIV (Particle
Image Velocimetry). Further Advances in Volumetric-PIV (3D-PIV) technique is
introduced so that attempts can be accelerated & explored by the scientific
/research community to gauge the dynamic behavior of these Virus/Aerosols
using these tools.
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Some peculiar behaviors observed in bubbles and droplets

Abstract of
Presentation

Is the behavior of bubbles and drops the same if we invert gravity in one case? In this
talk, we will discuss some interesting phenomena, which occur in bubbles and drops
when they rise or fall under the action of gravity. Different regimes based on the size
of bubbles in terms of path instability and shape will be discussed. We will also
address a few fundamental questions: (i) Can one observe oscillatory motion in the
case of a falling liquid drop in the air by changing its initial shape to a nonspherical
one? (ii) The presence of inertia may result in vortex shedding. What is the role of
inertia/ the resulting vortex shedding on the droplet dynamics? (iii) How different is it
from that observed in the case of a rising air bubble? In fish aquariums, we
commonly observe that air bubbles undergo wobbling motion/path instability induced
by the vortex shedding. So, it's interesting to address the similarities and differences
between the bubbles and drops.
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Indian Academy of Sciences, NASI - Young Scientist Platinum Jubilee Award, and
INSA - Medal for Young Scientist. His research areas include Clouds & raindrops,
Multiphase & interfacial fluid mechanics and hydrodynamic instability in shear flows.
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 Editor-in-Chief, International Journal of Emerging Multidisciplinary Fluid Sciences
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and Associate Professor in 2003. He is serving as Professor there since 2009. In between,
he has visited Georgia Tech in 2000-2001, and Technische Universitat Darmstadt in 2002,
2003, 2006, and 2009.
Satya Chakravarthy works in the areas of propulsion and combustion, and researches on
different aspects of combustion in gas turbine and rocket engines. He coordinates the
National Centre for Combustion Research & Development (NCCRD) at IIT Madras supported
by the Department of Science and Technology, Government of India, to focus on different
aspects of combustion in automotive, aerospace, thermal power, and fire research. The
NCCRD is the largest of its kind in the world, with a 5-storey building that houses the stateof-the-art facilities on combustion research, including a 38 metre-tall microgravity drop
tower. Recently, Satya Chakravarthy is also coordinating the Centre of Propulsion
Technology at IIT Madras, supported by DRDO.
He has around 100 peer-reviewed archival journal publications to his credit, and presented
over 240 conference papers, delivered many keynote/plenary/invited lectures, visited
many universities such as MIT, Cambridge, TU Berlin, TU Munich, etc., and industries such
as GE, FM Global, etc. He is on the editorial board of Progress in Energy and Combustion
Science, and is a Colloquium Co-Chair on Solid Fuel Combustion for the International
Symposium on Combustion, Dublin, 2018.
He has been awarded the HAL Prize for the best undergraduate in aerospace engineering in
1991, the Young Engineer Award by the Indian National Academy of Engineering in 2003,
the Young Faculty Recognition Award by IIT Madras in 2009, the Dalmi-HEMSI-ACRHEM
Award by the High Energy Materials Society of India in 2009, and the DRDO Academic
Excellence Award by the Defence Research and Development Organization twice, in 2009
and 2016.
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The life of perforations in an expanding liquid sheet
Chetankumar S. Vegad1a1, Satyanarayanan R. Chakravarthy1a and Amit Kumar1a
a

National Centre for Combustion Research and Development, and Department of Aerospace Engineering, Indian
Institute of Technology Madras, Chennai, India

1. INTRODUCTION & OBJECTIVE

Atomization of liquid sheets is extensively carried out in process industries, combustion
sprays, irrigation systems, food processing, fire suppression systems, etc. There are many
events involve in atomization process leading to produce size varying droplets. One of these
events is holes/perforations formed in the liquid sheets. Holes produce due to sheet thinning
effect [1]. The locations of holes formation are at the local sites of minimum sheet thickness
that predicted to be an order of 1 µm [2,3]. The present work is an experimental approach to
capture the origin-evolution-rupture of such holes formed in circular liquid sheet. The circular
liquid sheet is produced by an orthogonal impingement of a vertical water jet coming out from
the nozzle orifice on the cone-disc deflector horizontally placed beneath and leading to the
creation of expanding circular liquid sheet from the edge of the deflector plate.
The surface tension forces at the circular edge of perforation cause it to grow (open) with
time on the surface of liquid sheet [4]. The other possibility of having perforations are due to
falling of foreign particles or satellite droplets on the liquid sheet [5]. A small spark formed by
an electric charge close to the surface of liquid sheet would lead to the creation of a hole in it.
However, the holes formed by the sheet thinning effect are considered in the present study.
The life span of perforations is captured simultaneously in the top view and side view of
liquid sheet using high-speed Volume Laser-Induced Fluorescent (VLIF) technique (see Fig.
1). Rhodamine 6G dye was used as a fluorescent media for VLIF. The experiments were
carried out at 6 kHz framing rate over a jet Weber number (𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 = 𝜌𝜌𝑙𝑙 𝑢𝑢𝑙𝑙2 𝐷𝐷0 ⁄𝜎𝜎 ) range of 996
< 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 < 7996 (or jet Reynolds number, 𝑅𝑅𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 = 𝜌𝜌𝑙𝑙 𝑢𝑢𝑙𝑙 𝐷𝐷0 ⁄𝜇𝜇 , from 32405 < 𝑅𝑅𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 < 91800).
The top view VLIF image data is post-processed to quantify the perforations’ diameter, front
and rear edge thicknesses, velocities of these edges, thickness of liquid bridge formed by two
merging perforations. The side view VLIF image data is used to measure the dimensions of
ligaments and droplets that originated from the perforations, and at the downstream of
perforations.

1
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Although several researches have shown the presence of perforations in the liquid sheets
[5-8], non of them reported the quantitative information on the dimensions of ligaments and
droplets produced from the perforations. Since the perforations play a significant role in the
size distribution of droplets of atomizing liquid sheets, the objective of the present work is to
cover the life span (origin-evolution-rupture) of the perforations and to quantify their various
features involved in droplet formation. The droplets originated from the perforations (other
than droplets originated from the front edge of liquid sheet) can be used to explain the overall
droplet size distribution of atomizing liquid sheets. Also, the experimental data collected in
the present study may be used to validate the numerically generated holes in the liquid sheets.
Camera-1
560 ± 10 nm filter
Cuboidal laser volume

Nozzle
Deflector

Laser beam

𝛹𝛹

Circular liquid sheet

𝛹𝛹

560 ± 10 nm filter

Nd:YLF laser
Volume optics

Camera-2

Fig. 1. Schematic of an isometric view for arrangement of two cameras and a cuboidal laser volume for
simultaneous VLIF experiments [9].

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The complete life span (spatiotemporal evolution) covering from the origin of perforation
in the liquid sheet to its rupturing into ligaments and droplets is tracked and captured in top
view VLIF (Fig. 2). The growth rate of such perforations on the flat sheet with constant
thickness was reported by Taylor [10-12] and Culick [13]. In contrast, the growth of
perforations on the liquid sheet of varying thickness was investigated by Keller [8]. The
features identified while observing the perforations are– front edge breakup, formation of
perforations in the liquid sheet, development of perforations on the sheet, merging/coalescing
of two perforations to form a common liquid bridge, rupture of perforations, etc. It is also
observed that the perforations always formed close to sheet breakup zone, and their rate of
formation increases with an increase in 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 . Figure 2 shows the sequence of instantaneous
images of the top view VLIF at different time instants to represent origin (0 ms), growing
(4.33 ms), matured stage (15.33 ms), and rupturing (18.66 ms) of perforation.
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Flow

Rim

Origin of
perforation
10 mm

0 ms

11ms
Matured perforation

15.33 ms

1.66 ms

Rupturing of
perforation

Growing
perforation

18.66 ms

4.33 ms

Fig. 2 The life span of perforation at different time instants staring from the origin in the liquid sheet (0 ms);
growing of perforation at 4.33 ms; developed at 15.33 ms and rupturing at rim 18.66 ms. The images are
acquired at 6 kHz acquisition rate for 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 = 1490 [14].
Flow

Perforations

5 mm

0 ms

Merging of edges

1.67 ms
Stretching bridge

Bridge thickness

6.00 ms

8.33 ms

Bridge forming

3.33 ms
Ligaments and droplets

13.83 ms

Fig. 3 Instantaneous images of two perforations leading to the formation of a liquid bridge during their evolution
and coalescence. The images are acquired at 6 kHz acquisition rate for 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 = 1242 [14].

The spatially growing perforations are also observed to approach each other on the surface.
The instantaneous images of this event to represent the formation, stretching and rupturing of
liquid bridge at different time instant are shown in Fig. 3. The edges of approaching
perforations are seen to interact to foam a common liquid bridge. The liquid bridge undergoes
stretching and breaks up into ligaments and droplets (13 ms time instant in Fig. 3). The liquid
bridge thickness was measured just before it started stretching and ruptured into ligaments and
droplets. The averaged values of bridge thickness increase with an increase in 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 .
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The ligaments and droplets originating from the perforations are measured and presented
here. Ligament thickness stays almost constant as compared to the ligament length. In the
downstream movement of these ligaments, either they break up or spherize into droplets. The
droplets coming from the different local sites (front edge, rear edge and liquid bridges of
perforations) are measured and averaged. The droplet diameter varies between 0.8 mm to 1.6
mm for a given set of 𝑊𝑊𝑊𝑊𝑗𝑗𝑗𝑗𝑗𝑗 . The diameters are in the order of ligament thickness. This is an
indication of further breakup of ligaments once produced from the perforations. The trend is
different from those droplets generate from the rim (outer edge) of liquid sheet. The reason
could be the increased number of pathways or sources leading to droplet formation from the
perforations.
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A train of high-speed microdrops impacting on a liquid pool can create a very deep
and narrow cavity, leading to depths more than several hundred times the size of
Presentation the individual drops. The investigations are performed in an air–water system at
large values of Froude numbers, thus having a negligible effect of gravity.
Depending on the train length, the capillary wave generating from each drop
impact affects the necking. The temporal variation of the neck radius reveals a
power law behavior.
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Brief C.V. Dr. Gautam Biswas is presently a Professor of Mechanical Engineering at the
Indian Institute of Technology Kanpur. Earlier, he has been the Director of Indian Institute of
Technology Guwahati, and Director of the CSIR-Central Mechanical Engineering Research
Institute at Durgapur. He was the G.D. and V.M. Mehta Endowed Chair Professor, and Dean
of academic affairs at IIT Kanpur. The research group of Professor Biswas at IIT Kanpur
identified the phenomenon of Rayleigh-Taylor Instability during the bubble formation in film
boiling. This was a significant addition to the classical theory, based on Taylor Helmholtz
instability. Another seminal contribution of his group is identification of the zone of large
bubble entrapment and underlying physics during the complete coalescence of a falling drop
on the liquid surface.
He was a Humboldt Fellow in Germany in 1987-88 and JSPS invited fellow in Japan 1994.
He is a Fellow of the American Society of Mechanical Engineers (ASME). He has served a
full term as the Associate Editor of the Journal of Heat Transfer (Trans ASME). He was a
Guest Professor at the University of Erlangen-Nuremberg in 2002. Currently he is Associate
Editor of a well-known CFD-Journal, - Computer and Fluids.
Prof Gautam Biswas is a Fellow of the all three major Science Academies of India, such as,
the Indian National Science Academy (INSA), New Delhi, the Indian Academy of Sciences
(IAS, Bangalore) and the National Academy of Sciences India (NASI, Allahabad). He is a
Fellow of the Indian National Academy of Engineering (INAE) and Institution of Engineers
India (IEI). He has been awarded the esteemed J.C. Bose National Fellowship by the
Department of Science and Technology, New Delhi in 2011. Prof. Biswas was bestowed with
Distinguished Alumnus Award by BESU (now IIEST, Shibpur) in the year 2013. He has been
awarded the Distinguished Alumnus Award by the Indian Institute of Technology Kharagpur
in 2016. Prof. Biswas was conferred Honorary Doctorate (Honoris Causa) by National
Institute of Technology Agartala, India, in 2017. He has been conferred Honorary Doctorate
by the Aristotle University of Thessaloniki, Greece, in 2018.
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Multiple mode fracture analysis of hip prosthesis for critical
crack size determination and life estimation
a

Chandra Prakash Shrama1a and Kailash Jha2a

Dept. of Mechanical Engineering, IIT(ISM), Dhanbad, Jharkhand, India

EXTENDED ABSTRACT

In this study multi-mode fracture analysis is performed on a 3-D scanned model of a
prosthetic hip for critical crack size determination and life estimation using ANSYS 2019 R1
workbench. In the proposed analysis the dynamic and the static loads are considered for an
80kg human being and it is modeled on a standard human prosthetic hip. The reimplantation
of the hip is very difficult, so analysis of it with different point of views is needed to prevent
any type of failures in implant. Selection of proper material for mechanical strength,
biomedical consideration, loosening of hip plant and the fatigue considerations are very
important for successful implantation. These considerations show the severity of the
challenges in this field and also a lot of research is necessary to unplug the intricacies of this
new trend that is fracture mechanics and its relevance and impact in improving the standard of
life of human being. A number of researchers have tried to improve life of hip implant and the
mechanical properties of materials in bio medical engineering area. Among them some have
also analyzed improving failure phenomenon in prosthesis. But very few papers are there
regarding multi-mode fracture and critical crack phenomenon and enhancing the life once a
crack has initiated. Babic et al. [1] has studied mode I fracture analysis of prosthetic hip but in
that mode II and mode III SIF value was not studied in detail and also it did not took into
consideration dynamic load into account and used loading condition of ISO 7206-4 standard
in which constant load of 2300N was applied on the prosthetic head. It also did not calculate
life of the prosthesis. Sedmak et al. [2] has studied X-FEM based crack propagation approach
using ISO 7206-4 standard and here also dynamic load application approach was missing.
In this study the material used for the prosthesis is titanium alloy with specification as Ti-6Al4V and this material was selected because it has high strength to weight ratio and excellent
corrosion resistance. In the static condition, weight of the human being is taken into
consideration at rest acting on the hip joint and in dynamic condition a typical human gait
cycle is analyzed at various positions of actual human movement in walking condition that is
at heel strike, mid stand and toe off. The analysis has been done for a medium walking or slow
jogging and the impact load at the hip joint is calculated. The maximum value of both static
and dynamic load obtained on the hip joint and FEA analysis is applied on the prosthesis
to find the maximum value of principal stress. Since the model is subjected to fatigue loading
so the maximum chance of propagation of crack is at that position where there is a
maximum principle stress value. So the region of maximum principal stress is found
first by FEA analysis and then fracture analysis of the prosthetic joint is performed in
which cracks of various sizes are modeled on the region of the prosthetic joint and the
corresponding stress intensity factor (SIF) is calculated for each crack size. Since critical
stress intensity factor
of Ti-6Al-4V is known which is 90 MPa√m so the crack size corresponding to which SIF
value exceeds
value will be critical crack size for this model which is about 14 mm.
Table 1 shows for variation of SIF value in mode I for different crack sizes along nodes of
crack
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front. Figure 1 shows plot between stress concentration factors for different cracks with
respect to the node.
Table 1 (Stress intensity factor for different crack lengths as function of node (KI)(MPa√m))
Nodes
2
5
10
15
18
23
27
30

Crack I
1.07
1.013
.97
.962
.958
.975
1.015
1.06

Crack III
6.65
5.5
4.5
4.0
3.8
4.2
4.7
5.7

Crack IV
8.1
6.3
5.1
4.2
4.1
4.3
5.3
6.2

Crack V
9.72
7.3
5.3
4.45
4.25
4.75
5.8
7.4

Crack VI
15.42
10.6
7.8
6.6
5.15
6.25
7.6
10.5

KI values along crack front

20
STRESS CONCENTRATION
FACTOR KI(MPa√m)

Crack II
5.20
4.5
4.82
3.6
3.5
3.7
4.2
4.65

15
CRACK I

10
CRACK
II

5
0

0

10

20
NODES

30

40

Figure 1 KI plot for different cracks at different nodes

After obtaining the critical crack size for this loading condition the life estimation is done
according to Paris law, in which there are many fatigue parameters which were obtained from
ASTM E647 standard. Life is estimated from initial crack size of 0.1mm to critical crack size
of 14mm by Paris law formula and the life obtained was about 10 million load cycles which is
equivalent to a life of about 12 years. Table 2 shows the life estimation and KI for different
crack sizes.
Table 2 (The life estimation)
Crack Length(mm)
0.1
2
3
4
5
8
14

KI (Mpa√m)

life No. of cycles (million)

1.07
5.2
6.65
8.1
9.72
15.42
84

0
6.5
7.3
7.8
8.2
8.9
10.2
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1. INTRODUCTION & OBJECTIVE

Concrete is a quasi-brittle material, with a failure response that is highly dependent on
loading paths. Typically, the level of sophistication required for a model increases with
complexity of applied loading paths. Moreover, the numerical results have to avoid
inherent mesh sensitivity issues during strain softening. In this contribution, we focus on
mixed-mode fracture of concrete.

the
the
the
the

The objective is to develop a simple isotropic damage model that accurately predicts the
material responses, with the development of localized damaged profiles during the failure
process. During concrete failure, the crack orientations are strongly influenced by the applied
loading paths. The mixed-mode fracture failure of concrete is one topic of keen interest in
literature. Based on a series of Double-Edge-Notched (DEN) specimens, it was shown
experimentally that the cracks exhibit different curved trajectories when subjected to varying
degrees of mixed mode I and II loading conditions [1]. In this paper, we focus on the
development of a well regularized isotropic damage model for the mixed-mode fracture of
concrete, with localized deformations corresponding to macroscopic cracks during material
failure. To ensure a well regularized structural response with localized deformations at failure,
the localizing gradient enhancement [2] is adopted.
2. RESULTS & DISCUSSIONS
When considering the mixed-mode fracture of concrete, the series of DEN tests [1] is used for
the benchmarking of numerical results. The geometrical details and experimental setup of
concrete specimens are depicted in Fig. 1. Here, we focus on the loading path 4a as described
[1]: Applied shear force until Fs = 5kN. Next, maintaining Fs = 5kN, a tensile force Fn is
applied. The vertical deformation in the fracture process zone is taken as the average relative
vertical displacement between points MM' and NN'. The modified von Mises strain is used to
characterize the mixed mode deformation concrete.
The conventional gradient enhancement is adopted to regularize the softening response.
The predicted response and damage profile using conventional gradient enhancement are
depicted in Figs. 2(a) and 2(b). Despite a close match in structural response, a spurious
damage growth with erroneous crack interaction is observed with conventional model.
1
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Fn (kN)

Figure 1. DEN specimen geometrical details (mm) and loading conditions
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Figure 2. (a) Structural response and (b) damage profile using conventional gradient enhancement. The dash
(front surface) and solid (rear surface) lines are the experimentally observed cracks.
0

20

To overcome the issues of spurious damage growth and incorrect crack interaction, a
localizing gradient enhancement is adopted [2]. The improved performance with the localizing
gradient enhancement is demonstrated in Fig. 3. Throughout the strain softening process,
localized damage profiles are obtained as shown in Fig. 3(b).
16
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Figure 3. (a) Structural response and (b) damage profile using localizing gradient enhancement. The dash (front
surface) and solid (rear surface) lines are the experimentally observed cracks.
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1. INTRODUCTION & OBJECTIVE

Till the year 1960, almost all papers related to material research largely exists for isotropic materials.
It was during the year 1961 first paper on orthotropic material was published. Afterwards researchers
continued their exploration on the behaviour of layered materials over a period of 50 to 55 years.
Initial failure load and central deflection of symmetric cross ply simply supported rectangular plate
under flexure was studied and reported by Turvey [1]. Both glass fibre and carbon fiber reinforced
plastic materials were used for this study. Kam et al. [2] predicted the linear and nonlinear first ply
failure loads of partially clamped centrally loaded rectangular laminated composite plate. Successful
experimental validation was seen in the finite element model in predicting first ply and ultimate ply
failure strength. First ply failure load of stiffened rectangular plates with I, hat and bladed shaped
stiffeners were investigated for uniformly distributed and sinusoidal loadings by Kumar et al. [3].
Chakrabarty et al. [4] studied the first ply failure of angle ply and cross ply clamped and simply
supported laminated composite plates, first time with skew configuration.
Review of literature shows a good volume of publications on first ply failure analysis of
laminated composite rectangular plates but only one such paper [4] is found on similar work for
skew plates as per the best knowledge of present authors. The authors in the present paper aim to
report the first ply failure behaviour of laminated composite skew plate subjected to uniformly
distributed load.
Many time, roofs of car parking plaza, aircraft hanger, theatres, halls etc have utility requirements
of large column and beam free open spaces. Thus it may necessitate that roof slabs are supported and
rested only at corners as pin supported. So, the present work mainly reports the first ply failure
behaviour of corner point supported skew plates. Both symmetric and antisymmetric cross ply and
angle ply lamination are considered with seven different skew angles varying from 0˚ to 30˚ at an
interval of 5˚. Finally the authors propose a relative response pattern which can be used by design
engineers to choose the best option among all combinations taken up here.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
In order to validate the present finite element code in computation of first ply failure load of
laminated composite skew plate, two benchmark problems are furnished in Table 1 and Table 2.
Table 1 compares the nondimensional frequency of the laminated composite skew plate obtained
through present code and those reported by Singha et al. [5]. This verifies the correctness in
modelling of skew plate geometry. Table 2 reports the first ply failure loads calculated by the present
code with the failure loads reported by Kam et al. [2]. Finally, authors’ own problems are solved and
the results are rigorously examined from engineering point of importance.
Table 1.Non-dimensional frequency  ω = ωa 2 / π 2



Skew angle
0˚
30˚

Present study
Singha and Daripa [5]
Present study
Singha and Daripa [5]

ρ  of five layered [90˚/0˚/90˚/0˚/90˚] simply supported skew

E 22 

laminates (l / b = 1)
Mesh size
1
8×8
1.967
1.914
8×8
2.908
2.838

Modes
2
4.022
3.973
5.259
5.194

3
6.688
6.644
8.497
8.464

Note-E11/E22 = 40.0, G12/E22 = 0.6, G23/E22 = 0.5, ν12 = 0.25, l/t =1000

Failure
criteria
Maximum stress
Maximum strain
Hoffman
Tsai-Hill
Tsai-Wu

Table 2. First ply failure loads in Newton for [0˚/90˚]s plate
Side/thickness
Experimental failure
First ply failure loads
loads Kam et al.[2]
Kam et al.[2]
ratio
64.94
76.04
152.67
158.08
63.60
64.03
68.30

First ply failure loads
(present formulation)
63.93
92.90
58.02
72.48
64.26

Note: Length = 100 mm, ply thickness = 0.155 mm, load details = central point load
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1. INTRODUCTION & OBJECTIVE

Doubly curved anticlastic conoidal shell structures made up of laminated composite materials
are being universally used in many industrial roofing systems. Composite conoidal shells have
features like ease of fabrication, artistic appearance, high strength to weight ratio, good
weathering resistance and longevity. Conoidal roofing units are most preferable in places like
stadiums and parking zones where either a curvature up or a curvature down is required, and
airport and theaters where large unhindered area is required.
Composite materials are widely used today and have a lot of advantages; however it has
certain challenges too. Due to manufacturing defect and air entrapment debonding of layers of
laminated composite can take place, which is known as delamination. Delamination is very
critical problem, as here flaws cannot be seen from outside. This type of defect can lead to
even total failure of structure in absence of any right preventive measures. Due to this study
on delaminated composite, is becoming an area of interest for researchers and scientists.
In this paper authors have tried to investigate the bending behavior of delaminated composite
conoidal shells under uniformly distributed load and point load, using a self designed
computer code. An eight noded isoparametric element with five degrees of freedom at each
node is used in this computer code. Finite element method is used to analyze four layered
cross-ply and angle-ply shells. To accurately illustrate deflection behavior of damaged
composite conoids, a parametic study is carried out for different aspect ratio and damage ratio.
To arrive at suitable conclusions boundary condition has been kept same i.e. corner supported
for all the cases of shells taken up, in present study.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In the present study graphite-epoxy has been used as construction material of conoidal shell
roofs. A computer code has been developed using finite element method for the present
research work. To ensure compatibility of deformation and equilibrium of forces and moments
at the delamination crack front, a multipoint constraint algorithm is incorporated, which leads
to unsymmetrical stiffness matrix [Gim 1994].
___________________________
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Benchmark problems:
Developed mathematical formulation and computer code has been validated using following
set of benchmark problems.
2

Table 1.Maximum transverse non-dimensional downward deflections ( w 10 ) of simply supported composite
plates under concentrated load
Stacking
J.N.Reddy (1997)
Present study
sequence
(0/90)
4.666
4.697
(90/0)
4.666
4.679
(0/90)2
2.210
2.228
Note: E 1 1 E 2 2  2 5 , G 1 2  G 1 3  0 .5 E 2 2 , G 2 3  0 .2 E 2 2 ,  1 2  0 .2 5 , a b  1 , a h  1 0 0 .
Table 2.Non-dimensional downward deflection ( ( w 10

2

) ) of corner fixed shell roof against uniformly
distributed load with different area of delamination ( c a )
Delamination
ratio (c/a)
0.25
0.50
0.75

Kumari et. al (2011)

Present study

0.266
0.307
0.372

0.265
0.307
0.372

Note: E 1 1  2 5 E 2 2 , G 1 2  G 1 3  0 . 5 E 2 2 , G 2 3  0 . 2 E 2 2 ,  1 2  0 . 2 5 , h l / h h  0 . 2 5 , a  b , c  d , h  0 . 0 1

The results of above benchmark problems are in close agreement with those obtained from
present formulation. This proves that the present computer code and methodology are correct.
After this authors have taken some more problems of their own for analyzing the bending
behavior of composite conoidal shells with damage and drawn some concrete conclusions
based on obtained results. Authors have considered following parametric variations in
graphite-epoxy composite shells:
1- The area of mid-surface delamination varies from c a =0 to 0.75. This delamination of
rectangular plan form is single and central.
2- Four different laminations of cross and angle ply stacking sequences are considered.
All these laminations are four layered.
3- Aspect ratios are varied in terms of a / b ratio from 0.5 to 2 in steps of 0.25.
4- Effects of both uniformly distributed load and point load are investigated in present
work.
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1. INTRODUCTION & OBJECTIVE

Composites serve as a go to material in today’s aerospace engines proving to be an implicit
successor to the typical metals and alloys. Till date, modal analysis and harmonic analysis have
been given a lesser importance when compared to the study of mechanical behavior of materials.
The modal analysis gives the mode frequency of the given structure. Harmonic analysis helps
in analyzing the external frequency applied to make the material resonate at the mode natural
frequency unarguably responsible for the failure of the structure. Henceforth, this work
concentrates on the harmonic analysis of alloyed and composite turbine blades subjected to
cyclic loading using finite element technique.
The objective of our work is to perform harmonic analysis on alloy turbine blades and composite
turbine blades of varying fiber orientations and compare their vibration stability for different
excitation frequencies.
2. METHODOLOGY
TURBINE PROFILE MODELLING

A turbine blade being an indigenous component makes up the turbine section of the gas turbine.
A standard T-106 profile (Figure 1a), a low-pressure turbine blade is considered for our study.
LAYER DATA AND MATERIAL MODEL

There is no necessity for layer data in the case of alloys as the model is linear isotropic. Unlike
alloys, the composite model is linear orthotropic and layer data must be specified. The thickness
of each layer is 1mm and 4 layers are present in each element. Fiber orientation (0, 15, 30, 45,
60 and 75 degrees) is the only parameter that varies in each of the cases.
Harmonic analysis in ANSYS software is performed by giving 3500 rpm as input. The
frequency range for harmonic analysis is given depending upon the modal analysis results. Full
method is used for obtaining the solution and sparse solver is used for solving the equations.
3. RESULTS
The modes of vibration is known by performing the modal analysis on the same T-106 blade
(detailed in the full manuscript). The two lower modes of vibration are studied as they amount
to the majority of the failures (Of which only the first lower mode is stated in the extended
abstract and the rest is detailed in the full paper) as shown in Table 1.
Table 1: Results of harmonic analysis
Mode
Number

Alloy

Mode 1

20.8059

0 degrees
51.6112

Amplitude of vibration (mm)
Composite
15 degrees 30 degrees 45 degrees
321.189
55.8528
47.2668

1a

60 degrees
143.654

75 degrees
69.002
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The variation in amplitude with respect to the mode is shown in Figure 1b). Also a comparison
of amplitudes with respect to the materials is delineated in Figure 1c)

a)

b)

c)

Figure 1: a) T-106 blade profile b) Variation of amplitude in alloy and composite in turbine blade during mode 1
c) Comparison of Amplitudes of Alloy and Composites for different modes

3. CONCLUSION AND DISCUSSION
Thus, the T-106 turbine blade made of composites and alloys were subjected to
harmonic analysis in our study. Appropriate elements were chosen for meshing of turbine blades
(stated in full paper) and finite element analysis was performed using ANSYS and the
conclusions are enlisted.







From our research work, it can be inferenced that harmonic analysis has a significant
dominance in determining the rigidity of turbine blades. Changes in fiber orientation showed
huge changes in the amplitude of vibrations as determined from the harmonic analysis.
The probability of failure in case of turbine blades made of a ceramic matrix composite
operating in a given frequency range is less when compared to the turbine blades made of
alloys since the number of modes of vibration in a given frequency range is less in case of
composite turbine blades.
The composite blades are superior to alloy blades in terms of vibration stability as the alloy
turbine blade vibrates within a frequency of 9 Hz. If the turbine operates within the 9 Hz
frequency range, composite blades can be preferred over alloy blades.
If the blade has to be designed for a turbine with an end operating frequency higher than 9
Hz, composite blades with 15- and 60-degree fiber orientations cannot be considered for
design as they showed high values of vibration amplitude at mode 1.
Alloy blades should be considered over composite blades in terms of vibrational stability
for turbines if the operating frequency range is between 9 and 16.
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1. INTRODUCTION & OBJECTIVE

Pesticides released into the environment from agricultural activities are responsible for adverse
ecological effects. In particular, pesticides represent a threat not only to wildlife but also to
human beings. Many organophosphorus compounds are widely used for pre- serving crops from
pests.
In this particular study first the enzyme used Acid Phosphatase (EC 3.1.3.2) was isolated from
kidney beans and then purified using Three Phase Partitioning. Three Phase Partitioning (TPP)
has been reported as an effective alternative method for recovery, concentration and purification
of numerous industrial enzymes. This one step enzyme purification approach was carried out
by mixing a salt, ammonium sulfate , and an organic solvent, tertiary butanol to obtain organic
phase, Interfacial phase and aqueous phase. Kinetic studies were done before and after enzyme
purification.
Enzyme Immobilization is an easy separation of the enzyme from the reaction mixture
(substrates and products) and its reusability for tens of time, which reduces the enzyme and the
enzymatic products cost tremendously. Using immobilized enzyme an electrochemical
biosensor for the detection of organophosphorus pesticides can be prepared by the construction
of an electrochemical cell.
Biodegaradtion of Organophosphorus pesticides using enzymes to lower their toxicity is a
promising way of getting rid of the toxic pesticides from ecosystem. Acid Phosphatase
hydrolyses certain organophosphorus pesticides while certain organophosphates inhibit the
enzyme. In the first case Acid phosphatse enzyme can be used for biodegradation of
Organophosphorus Pesticide and in the later it can be used for detection of the pesticide by
preparing an Electrochemical Biosensor.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Three phase partitioning of acid phosphatase was carried out using ammonium sulfate
precipitation and tert-butanol. Ammonium sulfate concentration was varied from 40-90% and
tertiary butanol concentration was varied from 1:0.5 to 1:2 (Enzyme:tertiary butanol). From this
optimum value was calculated. Further Enzyme kinetics was studied. Activity of enzyme was
found to be 0.67 U/mg after purification. According to Michaleis Menton kinetic study Km was
decreased after purification of the enzyme which proved the purification was considerable and
enzyme activity was increased.
Immobilization of enzyme was done in agarose gel concentration varied from 1 to 3%. Various
assays were performed for finding optimum parameters suitable for the getting maximum
enzyme activity. Comparative study between immobilized and soluble enzyme was carried
out.Enzyme Immobilization study was done for 15 days to see the reusability and recovery.
Enzyme retained 56% of its activity till 15th day.
Indian Institute of Technology Kharagpur

1|Pa ge

Advanced Mechanics of Materials (AM)

Biodegaradtion of Organophosphorus pesticides using enzymes to lower their toxicity is a
promising way of getting rid of the toxic pesticides from ecosystem. In this study affinity of
Monocrotophos (Organophosphate) towards Acid Phosphatase was studied. It can be concluded
that Monocorotphos gets degraded by Acid Phosphatase enzyme.
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1. INTRODUCTION & OBJECTIVE
Functionally graded materials (FGMs) are a type of novel composite material with varying
material properties through their thickness. The stress concentration effect, strength and
stiffness are far more superior to the conventional laminated composites due to smooth and
continuous varying material properties from one face to other. It has many engineering
applications such as aircraft, space vehicle, optical, biomedical, electronic, chemical,
mechanical and many other structures. These are usually made of a mixture of ceramic and
metal and can resist high thermal load. Plates are one of the important structural members used
in all types of engineering applications with different combination of boundary conditions and
subjected to high dynamic loads some times. Hence a detail vibration study of FGM plate
structures is essential.
The main objective of this paper is to present numerical solutions for free vibration analysis of
moderately thick functionally graded plates for various types of edge restraints using finite
element method. Parametric studies have been performed for different power law index N and
thicknesses. It has been shown that the frequency parameter and mode shape depend
considerably on the said parameters.
2. METHOD OF ANALYSIS
Finite element method with first order transverse shear deformation theory (FSDT) has been
used in the analysis so that moderately thick plates may be taken up. Nine-noded Lagrangian
plate finite elements with five degrees of freedom (three translations and two rotations) at each
node has been used. The Young’s modulus, shear modulus and the density per unit volume
varied continuously from one surface to other using power law distribution.
𝑧 1 𝑁
𝑉𝑐 = ( + )
ℎ 2
Similarly,
𝑧

y
1 𝑁

𝑉𝑚 = 1 − (ℎ + 2)

(1)

where N is the chosen power law index. The Material
property at a specific z is given by,
𝑃(𝑧) = 𝑃𝑐 𝑉𝑐 + 𝑃𝑚 𝑉𝑚

z

Ceramic rich
surface

x
Metal rich surface

Fig. 1 Geometry of FGM plate

Where z is the thickness direction, Pc, Vc and Pm, Vm are the
material properties and volume fractions of ceramic and metal respectively. Finally, the
governing equation for free vibration is solved (Eq. 2), where K and M are the overall stiffness
and mass matrix respectively.
𝑀𝑥̈ + 𝐾𝑥 = 0

(2)
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3. RESULT & DISCUSSION
A FORTRAN program using FSDT has been developed. A specific case of Al/ZrO2square
plate of side 1m with all four sides fixed (CCCC) boundary conditions have been shown for
various thickness to length ratio (h/a) and power law index N. N=0 denotes pure ceramic
material. The following variations are taken in the study. h/a = 0.05, 0.075, 0.1 and 0.2. N= 0,
𝜌

0.5, 1, 2, 5, 8, 10, ∞. First three nondimensional frequency parameters [𝛽 = 𝜔ℎ√𝐸𝑚 ] are
𝑚

provided in Table 1.

Table 1: First three non-dimensional frequencies (𝛽 ) for clamped square folded plate
h/a

0.05

0.075

0.1

0.2

MODE

N=0

N=0.5

N=1

N=2

N=5

N=8

N=10

N=∞

1

0.0059

0.0053

0.0050

0.0049

0.0047

0.0046

0.0046

0.0042

2

0.0117

0.0106

0.0101

0.0097

0.0094

0.0093

0.0092

0.0084

3

0.0117

0.0106

0.0101

0.0097

0.0094

0.0093

0.0092

0.0084

1

0.0128

0.0115

0.0110

0.0106

0.0103

0.0101

0.0100

0.0092

2

0.0250

0.0226

0.0215

0.0207

0.0200

0.0196

0.0195

0.0180

3

0.0250

0.0226

0.0215

0.0207

0.0200

0.0196

0.0195

0.0180

1

0.0219

0.0197

0.0188

0.0181

0.0175

0.0172

0.0170

0.0157

2

0.0417

0.0377

0.0359

0.0345

0.0332

0.0326

0.0323

0.0299

3

0.0417

0.0377

0.0359

0.0345

0.0332

0.0326

0.0323

0.0299

1

0.0713

0.0647

0.0616

0.0590

0.0565

0.0553

0.0548

0.0511

2

0.1245

0.1133

0.1078

0.1029

0.0981

0.0960

0.0951

0.0892

3

0.1245

0.1133

0.1078

0.1029

0.0981

0.0960

0.0951

0.0892

MODE1

MODE2

MODE3

Fig. 2 First three mode shape for FGM square Al/ZrO2 plate for N=1 and h/a = 0. 1

From Table 1, it is observed that the frequency parameter decreases with increasing N
exponentially. Larger N denotes higher volume fraction of metal. With increase in thickness,
natural frequency increases in a non-linear pattern, as expected. As the plate is symmetrical
with symmetrical boundary conditions, the second and third modes are coming same with
similar kinds of mode shapes as shown in Fig. 2.
Hence it can be concluded that effect of thickness to length ratio and power law index N is
significant in the analysis of FGM plate. These effects also depend on edge constraints.
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1. INTRODUCTION & OBJECTIVE

Shape Memory Alloys (SMA) exhibit a unique response, namely, Shape Memory Effect
(SME), in which, these alloys undergo large deformation (≈ 3 to 5%) upon loading and
subsequent recovery upon heating. In Pseudoelasticity (PE), at constant temperature (above
Austenite transformation finish temperature) SMAs undergo large deformation with increment
in load and subsequently recover the same upon unloading. A range of applications of these
materials in the field of aerospace, automobile, biomedical, etc. has led to an increased focus
in understanding and modeling the thermomechanical response of these materials under wide
variety of loading cases [1].
In the past four decades, various constitutive models are proposed based on basic
thermodynamic principles, to simulate the nonlinear behaviour of shape memory alloy. In one
class of approaches [2], the phase evolution is empirically derived from experiments, and
offering simplicity required for real-time applications; however, have limited functionality in
modeling material response under practical thermomechanical loading cases. In another class
of approaches [3], the phase evolution is derived based on thermodynamic principles, taking
temperature as an input variable. However, in reality temperature is a state variable that
depends on applied thermomechanical loads, boundary conditions, and internal material
properties. Besides, the endothermic and exothermic nature of the phase transformation affects
the temperature of the SMA and thus renders thermomechanical coupling essential. To model
the response of the SMA material effectively, a fully coupled thermomechanical finite element
based analysis tool is needed. To the best of authors’ knowledge, limited number of studies
have been reported on fully coupled thermomechanical analysis by researchers [6] in
commercial finite element software, ABAQUS.
This article reports a fully coupled thermomechanical analysis of SMA wire actuator. The
thermodynamical constitutive model of Boyd and Lagoudas (1996) is implemented in an
incremental based non-linear finite element framework (shown in Figure1) using materially
nonlinear only (MNO) formulation [4]. Both the mechanical and thermal equilibrium
equations are solved simultaneously considering material level coupling terms using NewtonRaphson (NR) iterative scheme. Introduction of heat equation with coupling terms is essential
to bring a time scale in the transient response of the system. The proposed formulation to
predict the response under arbitrary thermomechanical loading, is implemented in an open
source finite element platform, deal.II [5].
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Several representative problems are simulated to highlight the capabilities of this formulation.
Firstly, the transient response of a SMA wire (Figure 2(a)), connected to a heat source at one
of it’s end, is simulated to demonstrate the importance of coupling effect. Initially the SMA
1
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Figure 1: Flowchart for finite element implementation

wire is in complete martensite phase (
). The left end of the wire is fixed and the
temperature of the heat source at the right end is increased linearly from 37 oC up to 87 oC in
100 seconds and then kept constant. Significant difference between the coupled and uncoupled
response is observed (shown in Figure 2) due to the endothermic nature of reverse
transformation. It has been observed that the heating rate, coefficient of convective heat loss,
significantly alter the difference in the response. Then, the response of a non-uniform SMA
wire actuator undergoing thermomechanical load is simulated using the developed model. The
difference in the transient responses between the uncoupled and coupled models, demonstrates
the requirement of the latter model for practical applications of SMA wire actuator.

(a)
(c)

(b)

Figure 2(a) Schematic diagram of an SMA wire subjected to thermal boundary condition (b) Temperature
response at left end (b) displacement response using coupled and uncoupled model.
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1. INTRODUCTION & OBJECTIVE

Many engineering structures made of high toughness and low strength material contain stress
concentration zones like notches, holes, cracks, and therefore, these structures are usually
subjected to plastic deformation in the neighborhood of stress concentration sites. As a result
of plastic deformation, these cracks and voids (present in the material) grow and interact with
each other. Proper description of the interaction between the crack and voids is necessary for
the estimation of the behavior of such structures. Clasically, the nucleation of voids in a
material may be due to several reasons like decohesion of particle-matrix interface, particle
fracture etc. Also in recent times, the prospective use of plastically compressible materials
(like toughened structural polymers, metallic foam, plastics, and transformation toughened
ceramics) have attracted a large number of material scientists and engineers and these
plastically compressible materials contain a large amount of pores or voids. One important
problem in the study of such materials is, how the voids grow in front of a propagating crack
and interact with the crack. Even though some researchers [1-3] have studied the nature of
void growth and coalescence for different materials, however, to the best of the authors’
knowledge, no such attempt has been reported so far for plastically compressible materials . In
the present study, the effect of plastic compressibility on void growth ahead of a moving crack
tip, interaction of crack tip and void and near tip fields are investigated numerically for a
mode I crack under the plane strain and small-scale yielding conditions. We explore the quasistatic deformations of solids characterized by finite strain elastic–viscoplastic material model
with power-law hardening [4].
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The numerical calculations are carried out for a semicircular region of radius R0 = 5.0 in
arbitrary units, Fig. 1a. There is a notch of initial radius b0 = 0.025 in the same arbitrary units
with its center at the origin of the coordinate system, Fig. 1b. A void is modeled ahead of the
crack tip with initial radius same as b0 and center at a distance d0 = 0.25 from the origin, Fig.
1b. To explore how the plastic compressibility affects the void growth, we have plotted the
plastic strain distribution for the power law hardening material as explained in [4] with strain
⁄(
)
hardening exponent N = 0.1 at a load level of
.7 for both plastically
incompressible and compressible ( = 0.28) conditions, Fig. 2.
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K-Field Boundary Conditions
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Fig. 1: Finite element mesh used in the simulation: (a) full mesh and (b) near crack tip mesh
p
1
0.8
0.6
0.4
0.2
0.01

200

y/b0

150
100

1
0.8
0.6
0.4
0.2
0.01

200
150
100
50

50
0

p

250

y/b0

250

0

50

100

150

200

250

x/b0

300

350

400

450

500

0

0

50

100

150

200

250

x/b0

300

(a)
(b)
Fig. 2: Contours of plastic strain near crack tip and void region for material with N = 0.1 at
(a) Plastically incompressible, (b) Plastically compressible (α = 0.28)
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For the plastically incompressible solid, the void grows into an ellipse with major axis in the
direction parallel to the crack plane, Fig. 2a. Regions of maximum plastic strain have been
developed around the blunting crack surface and the void. The amount of plastic strain in the
middle of the ligament is relatively small. For the plastically compressible solid (α = 0.28), on
the other hand, the nature of void and crack growth is very much different as compared to Fig.
2a. Here, severe plastic strain regions have moved towards each other and then a band of
severe plastic strain has bridged the ligament. A zone of severe plastic strain is also emanating
from the right side of the void near the symmetry plane. The crack tip is very sharp as
compared to that of Fig. 2a. Figure 2b also makes clear that the chances of coalescence of void
and crack are reduced in the presence of plastic compressibility. Simulation has as well
revealed that the hardening exponent can significantly affect the void and crack growth
together with the near tip fields.
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1. INTRODUCTION & OBJECTIVE

This article offers a discussion on the philosophies on the initiation of cracks from the
premature phase of crack and the crack transmission through concrete. It gratifies as a
summary of the pre-determined methodologies in studying crack propagation and determining
crack width by various methodologies articulated were discussed in brief. It is detected that in
certain circumstances brittle fracture simulation methodologies will predict the crack
progression and performance in initial stages. With the help of R-waves, the surface
propagation of waves can be examined. It is also inspected that it provides a comparison of all
the accessible methods in the fracture mechanics point of view. This article is an endeavour to
solicit briefly various methodologies available to analyse a fracture energy and size effect
connection using simulation and other wave movement concepts. Mentions from past and
present authors included in this document to relate the concept together over time.
It is renowned fact that based on the reaction of a material to stresses, it may be elastic or
plastic & based on the behaviour the material may be classified into three broad categories,
ductile (soft metals), semi ductile (concrete and gypsum) and brittle (glass) (Glucklich, 1970).
But based on the formation of a crack and propagation that lead to fracture ahead of crack tip,
it could be said that material may be brittle, quasi-brittle, and elastic-plastic (Forman et al.,
1967). Formation of a crack in concrete structures at initial stages may influence the
appearance but as the crack propagates through the structure due to various reasons, it leads to
failure of the structure and could render it unserviceable (Panasyuk, 2019; Reddy &
Subramaniam, 2017). Bestowing to some theories Shallow cracks are common defects in large
civil structures like bridges. They allow penetration of water or other agents that result in loss
of durability earlier than expected. Their repair can be accompanied by the injection of epoxy
material that covers the crack sides keeping out any bellicose elements in addition to the
repossession of strength. Wave propagation dispersion features are exploited by the proposed
tomography at different frequencies, demonstrating that higher frequencies lead to more
accurate characterization. The assessment of fracture and failure of structural components
through numerical models remains an interesting problem in computational mechanics.
1
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From the tomography images, numerous reasons are making it unresponsive to the rebar, so
more studies must be done in the case of reinforced concrete structures. Load-relaxation
stability is encountered when the load relaxes through the limitation of the energy supply
(Manzoor, 2018). The crack is stabilized through the limitation of energy at a distance
proportional to the volume of the specimen and inversely proportional to the initial crack
length. It is the premise of this work that energy-dissipation stability exists in every real
material, the differences between materials being differences only of degree.

Figure (a) Concrete small size beam in servo testing machine (b) Measured localized zone above beam
notch (Skarzyński et al., 2013)

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Concrete fracture is complex as it is heterogeneous material and involves micro cracks.
Griffith's condition applies to concrete, however, the irretrievable work consequential to
micro-cracking which is akin to yielding in metallic materials must be included. With the help
of all the studies on fracture mechanics, more experimental work should be done to solve the
problem of crack initiation, and propagation. Using the aforementioned techniques, it is
possible to obtain much appreciated information about the interior condition and the
inoculation of epoxy material to control the crack in the structure can be done with proper
access to both sides of a structure. The study based on Rayleigh waves is more focussed on
the healing technique. So, it will be helpful for researchers to investigate on the materials that
can heal or restrict formation of crack or fracture. The filling the crack volume with epoxy
reduces the transit time of wave propagation compared to an empty crack state. Due to the
lower concentration of waves near the top and bottom surfaces, to increase the statistics
concerning these shallow layers, the application of surface waves is desirable to verify the
filling near the surface. LDPM has a unique feature and has several unique features and
impending capabilities. But these strengths must be validated with experimental and
performing numerical calculations.
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1. INTRODUCTION & OBJECTIVE

The high carbon steel (HCS) has several advantages and is used widely for making cutting
tools due to its higher hardness and relatively lower cost compared to other hard substances.
The heat treatment of this type of steel affects its physical, chemical and mechanical
properties. The higher carbon content makes HCS more harder and brittle in nature and also
ductile than mild steel. The heat treatment could be said to be a method for strengthening
materials but could also be used to alter some mechanical properties such as improving
formability, machining, etc. The process of heat treatment involves the use of heating or
cooling, usually to extreme temperatures to achieve the desired result. It is a very important
manufacturing process that can not only help the manufacturing process but can also improve
product, its performance and its characteristics in many ways. [1].
The wear resistance of high carbon steel is high due to it finer microstructure and hence it is
used for tool making. The heat treating of this type of steel helps in altering manufacturability.
The heating and cooling of this type of steel to changes physical and mechanical properties
and also improve product performance. The analysis of the results shows that this method
effectively reduces the yield and ultimate strengths [2]. It is reported that the recrystallization
happens at 720 °C and causes over heat treatment. It is reported that the heat treatment can
regulate the incompatibilities between strength and toughness for 10CrNi3MoV steel [3]. In
this study, samples with and without post-tempering heat treatment were produced while
keeping other processing condition similar. These results revealed a valuable understanding
for designing the low alloyed high carbon steel for industrial application [4]. A study
carriedout to analyze the effects of different substrate heat treatments on the preparation and
properties of Phosphate chemical conversion coatings shows that the heat treatments improves
the best corrosion resistance due to the homogeneous and fine-crystal microstructure of the
coating [5]. The effect of quenching without tempering heat treatment on the microstructure
and mechanical properties of an AISI 304 austenitic stainless steel show that the strength and
elongation of samples were improved after this heat treatment, while the hardness decreases
[6]. It is reported that annealed steel sample exhibited low hardness and it may be accounted
to reliving of internal stresses of received rolled but exhibited higher corrosion resistance.
However the hardened steel has shown higher hardness and less corrosion resistance due to
existence of marten site and chances of more prone to inter granular corrosion [7]. The
objective of this work is to improve the material properties of the HCS by heat treatment at
mechanical properties changes with temperature.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In this work, we have subjected the HCS to various heat treatment temperatures such as 5000,
7000 and 9000 C. The specimens were prepared specimens as per ASTM and a muffle furnace was
used for the heat treatment. Figure 1 shows the HCS specimens subjected to heat treatment process.

Figure 1: HCS Specimens subjected to heat treatment
From the experimental results, we observed that the oil quenching gives better mechanical

properties compared to normalizing. It is also observed that the mechanical properties such as
tensile strength, yield strength, compression strength and shear strength of HCS specimens
subjected to heat treatment at 5000 C is better than other heat treatment temperature. The
hardness value of HCS specimens subjected to oil quenching is higher than specimens quenched in
open air. This is due faster cooling in oil as compared to air cooling. The heat treatment of HCS
affects its micro structure and the micro structure changes from hyper to hypoeutectic.
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1. INTRODUCTION & OBJECTIVE

Thin unsymmetric laminates possess multiple equilibrium positions when cooled from the
curing to room temperature due to the mismatch in thermal expansion coefficients. Bistable
unsymmetrical composite laminates have attracted significant attention in the recent past for its
potential application in morphing structures [1, 2]. This is particularly due to its ability to remain
in the multiple stable states without any external holding force. However, thermally induced
bistable shapes of unsymmetric laminates result in a narrow range of shapes limiting its use in
different applications. Further, the required snap-through loads can be high enough to be
supplied through an external mechanism or actuators. Haldar et al. [3, 4] observed that by using
curvilinear fiber paths or so-called Variable Stiffness (VS) laminates can yield similar bistable
shapes as unsymmetrical laminates but requiring lower snap-through loads. Further, as desired
in any morphing system, VS laminates have the capability to address the contradictory
requirements of the stiffness needed for aerodynamic loads and flexibility for efficient morphing
action. VS laminates are therefore promising alternatives to straight fiber laminates allowing
larger design space and higher tailorability.
Table 1: Laminates considered in the study
VS Laminates

Description

VS-1
VS-2
VS-3 or [0/90]
VS-4
VS-5

45<15/75> / 45<-15/-75>
45<30/60> / 45<-30/-60>
45<45/45> / 45<-45/-45>
45<60/30> / 45<-60/-30>
45<75/15> / 45<-75/-15>

Figure1: Parameters defining the VS path [3]

To increase the number of multistable shapes generated from unsymmetric laminates, different
methods have been proposed till date. One method previously reported by Cui et al. [5],
investigates on connecting two identical unsymmetrical laminates in series during the
manufacturing stage. He observed that square laminates are more effective for generating
multistable shapes compared to trapezium and triangular laminates. The present study extends
1
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the concept proposed in Cui et al. [5] and aims at investigating on connecting two square VS
laminates to generate a morphing structure with multiple equilibrium stable states. The VS
laminates are modelled based on a curvilinear fiber path description [4] shown in Figure 1,
where the fibers are varying linearly from point A to point B. A numerical model is developed
using a commercially available finite element package, ABAQUS. The snap-through forces
required to switch between the stable states and the maximum out-of-plane displacements are
calculated for the selected VS configurations.
2. RESULTS & HIGHLIGHTS OF IMPORNTANT POINTS
Two square laminates of side length 100 mm (4 plies) are connected in series with curvilinear
fiber paths. Figure 2 shows the schematic representation of the steps followed in the analysis. It
can be observed from the figure that the resulting connected laminate exhibits four stable states.
It is found that certain VS laminates have a lower requirement of snap-through loads than
straight fibre [0/90] laminates, which is of greater advantage in morphing applications. For
instance, VS-1 and VS-2 show a reduction in snap-through loads by 43.67% and 39.65%
respectively, without compromising on the maximum out-of-plane displacements (Table 2).
Table 2. Snap-through and maximum out-of-plane
displacement results
Joining Stage

VS
Laminate

Cooldown
[(VS-1)4]
Snap-through 1
[(VS-2)4]
Snap-through 2

[(VS-3)4]

Snap-through 3
[(VS-4)4]
Figure 2. Schematic representation of the analysis

[(VS-5)4]

Snapthrough
Force (N)

Displacement (mm)

0.98
0.98
1.39
1.05
1.05
1.14
1.74
1.74
1.39
2.01
2.01
1.83
2.04
2.04
2.74

3.704
3.704
0.859
3.946
3.946
0.883
4.390
4.390
0.893
4.593
4.593
0.955
4.217
4.217
0.884

Max. out-of-plane
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1. INTRODUCTION & OBJECTIVE

Laterite soil is rich in aluminum and iron, formed in wet and hot tropical areas. The reason its
reddish-brown color is due to the presence of iron oxides in it. Laterite soil is primarily found
in the tropical regions which receive heavy seasonal rainfall. The formation of laterite soil
itself is due to the weathering action and decomposition of rocks in the tropical zones. When
such lateritic soils are exposed to the atmosphere, the iron hydroxides get converted into the
form of iron oxides due to loss of moisture, which creates a good bond with other particles in
soil to form the consolidated laterite.
The current study is based on the geotechnical study of lateritic soil samples collected from
eight different places in and around Udupi district located in Karnataka state. The study aims
to know the effect of these laterite soil properties on the foundation cost of high-rise buildings
and to prepare a Risk Information Model which will denote the risk involved in the
construction in the places covered in the Zonal Map. A technically efficient tool for forming
the risk matrix is applied here along with the help of a five-point Likert scale. All the required
geotechnical tests including specific gravity, Atterberg limits, sieve analysis, standard proctor
test, and unconfined compression tests are conducted. These tests were conducted in the
laboratory and based on the safe bearing capacity (SBC) of collected soil samples, grading is
done listing the soil profiles as weak, good, and vulnerable for construction. A risk matrix is
the one that is used to rank risks or uncertainties. It involves the procedure of relating the
probability of happening of risk and the effect of risks and putting them together to designate
the height of risk. An efficient profile of risk can be created by this method. On the project site
risk factors can be anything including schedule, cost, labor or technical properties of soil, etc.
which can be analyzed by forming the profile zones having high, medium, low-risk zones.
Qualitatively, the risk is proportionate to the probable harms that can be brought by some
definite factors.
The main principle used behind forming the risk matrix is by Likert scales, which is a tool for
the non-comparative scaling technique. As far as Likert is considered, approaches headed for
any objective varied along with the similar basic negative ‐ to‐positive aspects. Here for the
ease of classification, we are using five-point Likert scales wherein the risk is classified as
High, Very High, Normal, Very Low, and Low. The main aim of forming the matrix is to
understand the cost risk with respect to subsoil nature in all the considered places. The main
1a1
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three factors used for forming the risk matrix are the mean value of SBC, standard deviation,
and probability risk ratio. The mean and standard deviations are calculated and tabulated with
certain notations used for cost risk and SBC risk which starts from one(very low) to five (very
high) that is based on a Likert scale.
2. RESULTS & DISCUSSION
The values for Safe Bearing Capacity varied from one place to another place and the variation
in Safe Bearing Capacity values is noted for all the places under study. 310.371,412.925,
307.762, 144.929, 97.544, 257.296, 108.525, and 209.846 (KN/m2) are the SBC values
obtained for the places Kolalagiri, Udupi, Katpadi, Kapu, Shirva, Uchila, Jantra, Hejamadi,
respectively. The value of SBC obtained in Udupi seems to be highest compared to selected
eight places and observed to be the lowest in Shirva. As the risk matrix is used to rank the
uncertainties, the formed matrix is showing the most expected risk zone to the least expected
risk zone. From the considered eight regions, the SBC values were found to be varying from
one place to another place which is nearest to each other and belongs to coastal zones.
However, there will be certain limits mentioned for optable SBC values depending on the type
of construction. risk is found to be very low in Udupi and extremely high in Shirva. There
might be several reasons for these changes in the strength of values, which can be studied
further with the help of relevant experimental as well as analytical tools.
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1. INTRODUCTION & OBJECTIVE
In recent years, nanotechnology have provided an opportunity to prepare particles with high activities
and specific surface areas. In this regard, extensive studies have been conducted on the application of
nanoscale particles in refining the characteristics of metal and cementitious materials. In this paper,
usage of two types of micro Nanofibre, i.e. Graphene Nanoplatelet (GNP) and Montmorillonite Nano
Clay (MNC) have been discussed. These two are very much famous for their unique mechanical,
thermal, and electrical properties. Considering the unique attributes of nanoparticles, there is
considerable need to investigate the potential applications of these nanomaterials in cement and
concrete industries. Therefore, in the present research the effect of different weight percentages of
Graphene Nanoplatelet (GNP) and Montmorillonite Nano Clay (MNC) have been investigated to
evaluate the optimum content of nanoparticles that results in a modified cement to be used in
construction industries. As the cost of the experiment is high, to reduce the cost of analysis and
number of trial, some analytical simulation has been done by ANSYS 15.0 with the concept of 3D
Represent Volume Element (RVE). RVE can be defined as the smallest volume over which a
measurement can be made, that will yield a representative value of the whole. In this RVE pullout
model, the GNPs and MNCs are added to the cement matrix at various equivalent concentrations
(0.02%, 0.08%, 0.2%) by weight of cement. After the generation of models, the boundary conditions
and connections have been set out in the simulation. Each model is analyzed individually, and the
comparative results give the elastic as well as the mechanical behaviour of the RVE models. The
simulation showed that three main governing parameters, i.e. strength, elasticity and toughness, can be
improved with the addition of low concentrations of either GNPs or MNCs with cement matrix. Also,
it is found that CNFs give a better response to enhance strength.
Keywords: Montmorillonite Nano Clay (MNC), Graphene Nanoplatelet (GNP), ANSYS 15.0, Represent Volume
Element (RVE).

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
In this study, there are four consecutive models for each nanocomposite material, that have been
modelled using Finite element simulation (ANSYS –R15.0) as per Table 1, and the size of RVE model
are described in Table 2. The properties of GNP/MNC are taken from Sigma Aldrich. Different models
of same dimensions but for a different percentage of GNP/MNC by weight of cement have been
developed (Fig. 1). It is assumed that the GNP/MNC is uniformly distributed over the entire
cementitious model. After mesh generation and applying appropriate boundary condition, the results
are shown for four models with various percentage of GNP/MNC in the simulation. Fig. 2 shows peak
load and peak displacement for every model, and from that result, it clearly shows that with the
increasing percentage of nanofibre the load carrying capacity is increased and displacement decreases.
The result also says that the GNPs give the better strengthening effect when it mixed with cement
particle. Fig. 3 shows the elastic modulus that has been obtained from stress-strain characteristic graph
of every sample. Also, it elaborates the features for toughness of various types of sample which
suggests that using nanofibre the mechanical properties of cement paste are increased.
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Table 1: Types of RVE model

Table 2: Size of RVE model

Sl

Number

Percentage of GNP/MNC

Property

Range

no

of CNF

by weight of cement (%)

Width and Height of the cement matrix

850nm

1

0

0.00

Length of the matrix

5µm

2

1

0.02

Outer diameter of GNP

130nm

3

4

0.08

Thickness of GNP

60 nm

4

9

0.2

Inner diameter of GNP

70 nm

RVE Pull-out Models (0.08%)

70
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0
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Peak load (N)

Fig 1: RVE Pull-out Models (0.02%)

RVE Pull-out Models (0.2%)
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0
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Fig 2: Peak load and Peak displacement of the various percentage of nanofibres used in cement paste
1.4
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0

Fig 3: Elastic modulus and Toughness of various nanofibres used in cement paste
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1. INTRODUCTION & OBJECTIVE

The field of Cryogenic Engineering has grown in the recent decades due to its wide applications
in various fields. Any cryogenic system comprises of various subsystems each having its own
functions and problems. One of the most important subsystems in any cryogenic system is the
storage and transfer system mainly due to the unique nature of the cryogenic fluids. The most
common problem found in any fluid transfer system is the fluid transient which produces sudden
pressure oscillations.Fluid hammer is caused by the sudden opening/closing of valves and
starting/stopping of pumps.
In literature few authors have addressed this issue using different analytical and numerical
methods like Method of Characteristics (MOC), Finite Volume Method [1], Finite Difference
Method (FDM) [2], etc. Another method of analyzing any system is the scaling and dimensional
approach [3]. Scaling is a method used to predict and visualize the behaviour of large system
by developing sub scale system and performing various tests/trials. The scaling procedure for
analyzing fluid transient problem in a cryogenic system have not been addressed so far in the
literature.
The objective of this paper is to develop a scaling procedure based on dimensional analysis to
scale down the full scale system and to perform numerical tests in the scaled model for
predicting the pressure fluctuations caused by fluid transient. The outcome of the work is
establishment of a methodology to develop a prototype using the results generated out of the
analysis with a view to understand the behaviour of full scale system.
The method for developing scaling procedure is formulated in two parts,
1. Fixing the Fundamental dimensions
The fundamental dimensions like pipe length and diameter for the scaled down model are
fixed to make use of the same model for performing experiments with different fluids.
2. Deriving the dimensionless parameters and performing dimensional analysis
The dimensionless numbers are derived by solving the partial differential equations (PDE)
governing fluid transient [4] since these equations explains the behaviour of the system
exactly. The other flow parameters are derived from the known physical laws.
1
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The method for prototyping the results is formulated from the developed physical relations and
dimensionless parameters 𝜶 =

𝝆𝑫𝟐 𝒂𝑳
𝝁𝐯 𝟐 𝒕𝟐

µ𝑳𝐯 𝟐

, 𝜷 = 𝛒𝐃𝟐 𝒂𝟑 and 𝜸 =

𝒇𝐯 𝟐 µ𝒕𝑳
𝛒𝐃𝟑 𝒂𝟐

.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

The developed scaling procedure and prototyping methodology is validated by scaling down
the system of Majumdar and Flachbart [1] and performing transient numerical tests in 1 D
thermal fluid solver – FLOWNEX [5]. The numerical results were scaled up and compared with
the results available in literature.

Figure 1. Numerical results for scale down model of
Majumdar et al [1]

Figure 2. Comparison of scaled up model results
with Majumdar et al [1]

The developed scaling procedure is used to scale down two systems transferring liquid oxygen
and liquid hydrogen separately in order to illustrate the effectiveness of the developed method
for different fluids. Liquid nitrogen is selected as the working fluid for scaled down model.
The entire system with important flow parameters will be scaled down using the developed
procedure and the effectiveness of this procedure for transient phenomena will also be verified
by performing numerical tests. The results will be prototyped using the developed methodology
and the applicability of this procedure for developing same geometrical model with different
cryogenic fluids will be tested.
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1. INTRODUCTION
The Discrete Element Method (DEM), being a particle-based method, helps in understanding
the macro-level properties of a system, by studying the nature of interactions among its
constituent particles at the meso-level. DEM has wide applicability in various fields like
agriculture, mining, civil engineering, metallurgy, oil, etc. In the construction industry, DEM
can be employed for understanding the rheology of fresh concrete of various consistencies. The
discrete approach, unlike the traditional continuum mechanics based approach, can accurately
model the heterogeneous concrete material and the complex interactions between its various
constitutents. This can help in optimizing concrete production and addressing many of the
challenges posed during concrete transportation, placing, and compaction. Of the various
apparatus available for determining the rheology of the fresh concrete, the simplest and cheapest
is the ‘slump test’. Its wide usage makes a thorough analysis of its strengths and limitations
desirable. Despite a total of 23k papers published in the field of DEM, as per a Scopus search,
only 44 papers have been published over the last decade on modeling slump and flowability of
concrete using DEM. The present study provides a general overview of recent efforts at
modeling the slump test for evaluating the workability and flowability of concrete. It also
discusses models for other tests for studying the blocking potential of coarse aggregates, which
are of particular interest in modeling self-compacting concrete.
2. AIM AND OBJECTIVE
The steps involved in developing a discrete element model for concrete flow study are shown
in Fig. 1. The concrete is usually considered as a two-phase system consisting of coarse
aggregates and mortar. There are several models available that represent coarse aggregates with
spherical particles2,3. However, the spherical particles cannot be a true representation of the
geometry of actual angular coarse aggregates. Therefore, there have been several developments
towards generating different shaped elements that can be used to represent the actual behavior
of the aggregates like the equivalent sphere method4, equivalent ellipsoid method4, method of
overlapping spheres5, etc. Generally, the mortar is not modeled explicitly, and its presence is
considered by choosing a suitable contact model. However, there has also been some work, on
modeling the mortar explicitly using spherical elements5. After modeling the particles, a suitable
contact model is considered to represent the normal and tangential interactions between the
particles. For modeling the interactions between the particles in contact, different types of
1
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models, namely the linear spring dashpot model, the Hertz, Mindlin and Deresiewicz models6,
etc., are used. For modeling, the non-contact forces like capillary forces and cohesion, the model
by Rabinovich et al. (2005)7 is generally used. Instead of using these models explicitly, a
generalized model based on experimental investigations has been proposed by Mechtcherine
and Shysho2,3 The current paper presents an overview of the developments that have been done
towards generating a suitable discrete model for predicting the rheology and flowability of the
fresh concrete through a slump and other tests.

Figure 1. Flow chart showing steps involved in development of discrete element numerical model

3. CONCLUSION
The discrete element approaches adopted so far have been found to be suitable for modeling
some specific tests; however, a robust model that can model all the rheological properties of the
concrete satisfactorily is lacking. The model parameters used in DEM based numerical models
usually do not have any direct physical significance and are calibrated to match experimental
results. Thus a major challenge is coming up with with more physically meaningful ways of
setting the values of the material parameters. Modeling the shape of the aggregate particles will
help in simulating the flow behavior more accurately. This too needs further research. Plastic
concrete (sets) hardens over time. Modeling the setting process as well as determining the
rheology of partially set concrete using DEM is also a challenging problem, the solution of
which can yield fresh insight on concrete behaviour.
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1. INTRODUCTION & OBJECTIVE

Man has been a keen observer of nature from very ancient times and the natural examples of
shell structures did not escape his notice. He also understood it well that nature spontaneously
evolves means of load transfer mechanism which can guide him to conceptualise and design
different structural elements.
The doubly ruled hypar shell, being one of the most feasible shell roof configurations, enjoys
industrial preference for covering large column free areas. This class of shells is unique as the
only curvature here is the cross curvature and these do not admit easy closed form solution
particularly when the boundary conditions are complicated. Laminated composite, an innate
choice to different industrial sectors for its huge specific strength and stiffness, good weathering
resistance, is now being extensively employed in civil engineering. However the low transverse
shear strength of the composite shells impelled the researchers to study the response of the same
under the action of impact loads.
A close look through the literature shows the impact analysis of civil engineering shell forms
are not addressed properly. This report is an effort to investigate the response of low velocity
impact by a solid spherical striker impacting at the central node of skewed hypar shell roof (Fig1) which is a preferred shell roof form of industry due its elegant look and ease of construction.

Figure 1. Surface of a skewed hypar shell and degrees of freedom
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
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This article considers simply supported skewed hypar shell roof to investigate the load response
histories of stress resultants, contact force and dynamic displacements being struck by a
spherical impactor at different velocities at the central node.
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Figure 2. Time histories of contact force and stress resultant histories due to 1m/s impact
velocity
The time histories due the impact shown above are found for simply supported boundary
condition for 1m/s impact velocity. Some other such response behaviour is analysed and
significant colclusion of engineering significance are drawn at the end.
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ABSTRACT

In literature review, interlaminar shear strength in neat resin and MWNT reinforced composite is estimated by
ASTM 1425 and finite element analysis by solid 46 available in ANSYS element library. In the present work,
SHELL 281 is selected from ANSYS library to predict interlaminar shear strength and instantaneous shear
modulus . SHELL element showed very good convergence over solid element.
Keywords: carbon; epoxy; multi walled nanotube; shear modulus; shear strength

1. INTRODUCTION & OBJECTIVE
Aircraft structures, automotives and marine structures find application of carbon epoxy
composite due to high specific strength, low specific weight and high specific gravity. By
adding MWNTs, it is observed that the brittle nature of epoxy is reduced and it increases the
interlaminar shear strength of the composite. Yi Lei Wang [1], improved the interlaminar
shear strength (ILSS) of carbon epoxy composite by growing the networks of multi walled
carbon nanotubes by short beam shear test and its ILSS was observed to be 47.59 ± 2.26 MPa.
ChandanKumar et al [2], examined the combined effect of loading rate and percentage by
weight of MWNT on ILSS and flexural strength of CFRP by ASTM 2344.
Ramalakshmi et al [3] estimated ILSS by ASTM C 1425 and finite element analysis by
ANSYS software. The deviation from both the methods was noticed to be 9.21 % by
employing SOLID 46 element [4]. In the present work, SHELL 281 is used to predict the
distribution of ILSS and instantaneous shear modulus. To accommodate the inclusion of the
notch in the specimen while generating the finite element (FE) model, section properties along
the thickness direction are varied.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Sl.No

Avg

Pmax in N

2824

Table 1: ILSS in carbon epoxy composite at an average load of 2824 N

ILSS in MPa
FEA solution
Case 1
Case 2
31.95
31.97

Co-ordinates
Case 2

ASTM 1425

Case 1

31.99

(18.87,0,0)

(10.53,15,0)

Deviation
Case 1 Case2
0.11

0.08

Table 2: ILSS in MWNT reinforced composite at an average load of 6218 N

Sl.No

Pmax in N

ILSS in MPa
Co-ordinates
FEA solution
ASTM 1425
Case 1
Case 2
Case 1 Case 2
59.98
Avg 6218
60.03
59.81
(18.48,0,0) (10.42,15,0)
47.59 ± 2.26 MPa
Reference [2]
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Deviation
Case 1

Case2

0.37

0.09
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Figure 1a and 1b: Variation of ISM (Left) in carbon epoxy composite and MWNT reinforced composite (Right)
along the path at an average load of 2824 N and 6218 N

3. CONCLUSIONS
1. 20% percent increase in ILSS is seen in MWNT reinforced composite since ASTM
1425 is adopted over ASTM 2344.
2. The procedure mentioned in ASTM 1425 enables proper transfer of load, holding of
the specimen while experimental work is carried out and same conditions were
imposed on the finite element model as well.
3. The instantaneous shear modulus improved by 292 % and ILSS by 87 % when the
procedure mentioned in ASTM 1425 is used.
4. The accuracy in modeling composite shells is governed by Mindlin –Reissner theory
and hence convergence is achieved [4].
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Inelastic analysis of critical structures is required to ensure safety and economy.
The finite element method (FEM) is a numerical method in extensive use, to solve boundary
value problems involving inelastic deformation. The forward-Euler scheme, the backwardEuler scheme, and the semi-implicit scheme are employed to integrate the inelastic
constitutive equations. ‘Yield surface drift’ generally takes place when the numerical
integration is carried out using any of these schemes. Hence, all these numerical schemes
resort to a predictor-corrector strategy (return-mapping technique) to update stresses that do
not significantly depart off the current yield surface. However, the predictor-corrector
procedure involves tedious computations, even for simple models. Thus, the objective of this
study is to develop a numerical technique that can integrate the constitutive relations without
necessitating any predictor-corrector strategy. Here physical requirements of equilibrium
equations and strain-displacement relation are satisfied pointwise, and the constitutive relation
holds only in a weak integral sense. The proposed strategy obviates the necessity for using
predictor-corrector strategy to integrate the constitutive relation.
ABSTRACT:

1. INTRODUCTION

Materials under certain conditions convert part of the energy supplied to heat. Such dissipative
response of materials is said to be inelastic. For the inelastic process, in one of the modeling
approaches, the constitutive relation is expressed in the rate form with some algebraic
constraints. In the existing numerical schemes, the rate type constitutive relations must be
integrated to make it amenable for computing. In general, the integration is performed using
various numerical schemes that are broadly classified into implicit, explicit, and semi-explicit
schemes.
The algebraic constraint usually is, the updated stress values should lie within or on the yield
surface; those stress values that drift off the current yield surface are inadmissible. However,
the updated stresses computed using any existing numerical scheme usually violates the yield
condition. Therefore, some form of stress correction or sub-incrementation is necessary to
project the inadmissible stresses back on to the current yield surface. In the conventional finite
element context, this technique used to mitigate the inconsistency concerning the yield
condition is called return-mapping and is computationally demanding.
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In this work, the possibility of using the methodology proposed by Shankar et al. (2016) to
solve boundary value problems involving inelastic constitutive relations is examined. Towards
this, an axial element has been formulated and studied.
2. METHODOLOGY
In this formulation, the unknowns are the member forces, the nodal displacements, and the
support reactions. In addition to the boundary conditions, equilibrium equations, compatibility
conditions, and constitutive relations are to be satisfied. The node equilibrium equation is
[T Tr]

Fm
=
Fr

− Fnknown
0

(1)

where T is the tension coefficient matrix, Tr is a matrix comprising directional cosines
transforming the support reactions to the assumed global coordinates, F m is member forces, Fr
is the support reaction, Fnknown is the known external forces applied at joints. The displacement
boundary conditions may be expressed of the form,
(2)

[T ] {Un} = {Unknown}

where {Un} is the nodal displacement vector, {Unknown} is the known nodal displacement
vector.
With (1), (2) is augmented
T T
0 0

0
T

−F
Fm
Fr =
0
Un
U

(3)

The compatibility condition relates the nodal displacement to the strain in the members. Then,
the error in satisfying the constitutive relation is minimized. Using sequential quadratic
programming, the unknowns - member forces, support reactions, and unknown nodal
displacements - are determined so that the error in satisfying the constitutive relation is
minimized subject to the linear constraint (3).
3. RESULT
With Isotropic linear strain hardening, associated flow rule, von Mises yield condition trusses
are analyzed using the proposed numerical algorithm with proportional loading. The error in
the constitutive relation is minimized using collocation and sub-domain methods. The
accuracy and computational efficiency of the proposed technique and displacement-based
finite element method are studied. Thus, the possibility of solving inelastic boundary value
problems without any return mapping established.
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1. INTRODUCTION & OBJECTIVE
Functionally graded materials (FGMs) are a special type of composite material which are made
for a specific purpose by gradual mixing of two or more different materials with varying
material properties through their thickness. Before advent of FGMs, laminated composites
were extensively used, though it has a disadvantage of high interlaminar stresses due to sudden
change in material property across the interface resulting in delamination. No such interfaces
exist in FGMs due to smooth and continuous varying material properties from one face to other
and hence FGMs are usually superior to the conventional composite materials in mechanical
behaviour. FGMs are usually made of a mixture of ceramic and metal which offers thermal
protection as well as higher load carrying capability. Nowadays, FGMs are used in advanced
engineering structures like in aerospace, automobile engineering and defence sector.
Plates are one of the important structural members used in many engineering
applications. Sometimes cut-outs are essential in plate elements for specific purposes. A cutout makes the structure constitutionally weak and a stress concentration occurs near the
opening. Hence vibration analysis of FGM plate structures with distinctive cut-outs is very
important nowadays.
The main objective of this paper is to present numerical solutions for free vibration
analysis of moderately thick functionally graded plates with a square cut-out. Simply supported
boundary conditions have been used. Parametric studies have been performed to show the
effect of cut-out sizes, materials, thickness to length ratios and gradient indices on the natural
frequencies of FG plate with cut-outs. It is found that the natural frequency and mode shapes
depend considerably on the said parameters.
Method of analysis
Finite element method with first order transverse shear deformation theory (FSDT) has been
used in the analysis so that moderately thick plates may be taken up. Eight noded isoparametric
serendipity plate bending elements with five degrees of freedom (three translations and two
rotations) at each node have been used in the analysis. The Young’s modulus, shear modulus
and the density per unit volume varied continuously from one surface to another using power
law distribution. The Material property at a specific
z is given by,
𝑃(𝑧) = 𝑃𝑐 𝑉𝑐 + 𝑃𝑚 𝑉𝑚
(1)
Where z is the thickness direction, Pc, Vc and Pm, Vm
are the material properties and volume fractions of
ceramic and metal respectively.
𝑧

1 𝑁

(2)
𝑉𝑐 = (ℎ + 2) , 𝑉𝑚 = 1 − 𝑉𝑐
where N is the chosen power law index. Finally, the
governing equation for free vibration is solved.
𝑀𝑥̈ + 𝐾𝑥 = 0

a
Fig. 1: Geometry of FGM plate
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2. RESULT & DISCUSSION
A square plate made up of Al/Al2O3 FGM of side 4m is taken for the study. All edges are taken
as simply supported. h/a ratio is taken as 0.05, 0.1 and 0.2. The material property of Al is: E=70
GPa, density ρ=2702 kg/m3 and that of Al2O3 is E=380 GPa, ρ =3800 kg/m3. The case of FG
square plate with and without cut-out is compared for various power law index N. N=0 denotes
pure ceramic material. A square cut-out of 1m side is placed centrally. Table 1 shows the
comparison of fundamental frequency (Hz) with and without cut-out. Fig. 2a and 2b show first
two mode shapes for the plates without and with cutout, respectively.
Table1: Comparison of fundamental frequency (Hz) for square plate with and without cut-out
Without Cutout
N value

With a square cutout of 1x1 m

h/a=0.05

h/a=0.1

h/a=0.2

h/a=0.05

h/a=0.1

h/a=0.2

0

117.77

229.56

420.19

114.57

223.47

411.96

0.5

99.81

194.90

358.75

97.09

189.61

350.75

1

89.97

175.73

323.88

87.50

170.88

316.00

5

77.46

150.63

273.98

75.33

146.53

267.83

10

74.96

145.50

263.12

72.92

141.67

258.16

∞

59.95

116.84

213.87

58.32

113.75

209.68

It is seen that the fundamental frequency of plate decreases with introduction of central cut-out
due to decrease in plate stiffness. Also, with increase in power law index N the volume fraction
of metal increases and hence the frequency reduces. Increase in stiffness with increase in h/a
ratio is very prominent from the table.

Fig. 2a: First two mode shapes of simply supported plate
without cut-out

Fig. 2b: First two mode shapes of simply supported plate
with cut-out
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1. INTRODUCTION & OBJECTIVE

The laminated composite structures are adopted in various engineering fields due to their light
weight and other tailor-made properties. The fiber reinforced laminated shell streuctures of
different shapes are recently used in submarine, aero structure, automobiles etc. Glass fibers
are frequently used in the construction of low cost structures due to their availability in variety
of forms. Carbon fibers have advantageous properties viz. higher specific stiffness and fatigue
resistance and lower specific weight compared to glass fibers. However, high initial cost of
carbon fibres made structures uneconomical. Hybridization is the only way to meet the desired
strength with considerable cost. Therefore, hybrid laminated composites can increase the
functionality and cost performance effectiveness sensibly by using different types of fiber and
selectively placing them in highly stressed locations and directions to get the maximum
strength. The free vibration behavior of laminated composite shells were investigated by
several researchers. Bhimaraddi [1] presented higher order displacement model for the
undamped free vibration analysis of circular cylindrical shell and the results were compared
with 3-D elasticity solution. Qatu et al. [2] reviewed most of the research work carried out
during 2000-2009 on static, dynamic and buckling behavior of composite laminated shells. A
C0 finite element shell model based on HSDT for the analysis of laminated composite and
sandwich shells had been developed by Kant and Menon [3]. A new HSDT for the analysis of
doubly curved laminated shells considering thickness co-ordinate to curvature of radius ratio
was presented by Thakur et al.[4]. A comparative study on numerical and experimental
solutions of free vibration and forced vibration responses of hybrid laminated plate was
reported by Biswas and Ray [5,6]. In the present study free vibration analysis of hybrid
laminated composite shell with higher strength carbon fiber at the outermost layers with four
layers bi-directional s-glass fiber has been presented using HSDT. The obtained results are
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validated by comparing with the 3D finite element solutions using software ABAQUS which
shows very good agreement.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The present formulation has been developed using HSDT [4] of laminated shell considering
z/R ratio in the strain displacement relations. The results in terms of natural frequency are
computed using the present HSDT and validated with ABAQUS software package. The
material properties of the carbon and bi-directonal glass fiber for the present investigation of
the shell is obtained from Biswas and Ray [5,6] and taken as follows: ρC=1710 kg/m3,
E1C=137 Gpa, E2C= E3C=12.4Gpa, G12C=G13C=4.66Gpa, G23C=56.4Gpa, ν12C= ν13C=0.330,
ν23C= 0.214, ρG=2064 kg/m3, E1G=E2G=30.4Gpa, E3G=9.95Gpa, G12G=3.99Gpa,
G23G=G13G=11.7Gpa, ν12G=0.247, ν23G=ν13G= 0.301. The dimension of the shell is taken as a
plan area of 245mm×245mm and radius of curvature is considered as 145 mm. The curved
edges of the laminates are kept free and the other two straight edges are clamped. The natural
frequencies for first three modes of a hybrid laminated shell with higher strength carbon fiber
at the outermost layers and bidirectional s-glass in the intermediate layers is presented in
Table 1. It can be observed that the natural frequencies obtained from the present HSDT and
ABAQUS software indicate a good resemblance with each other.
Table 1. Natural frequencies of a hybrid laminated shell having curved edges free and straight edges simply
supported
Present HSDT
Natural frequency
Mode
(Hz)
Deviation percentage
using ABAQUS
number
(Abaqus-HSDT)/HSDT
(Hz)
1
2

334.52
847.26

340.94
864.90

1.91
2.08

3

873.06

897.68

2.82
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1. INTRODUCTION & OBJECTIVE

Shape memory alloys exhibit two incredible properties, namely, shape memory effect and
pseudoelasticity; which are widely exploited in robotics, automobile, aerospace and
biomedical applications. Along with large displacement and force capabilities, it also offers
high energy density, but are suitable for low actuation frequency [1].
SMA based actuators show large strain recovering capability due to its stress and temperaturedependent reversible phase transformation, resulting in a drastic change in mechanical,
thermal and electrical properties. They offer a non-linear and hysteretic stress-strain response,
making it difficult to control. Various feedback control strategies are proposed in the literature
to obviate this difficulty. These sophisticated control algorithms require one or more feedback
sensors, making the system bulkier and costly. To avoid this issue, the change in the electrical
resistance of the wire can be used to determine the degree of actuation. In this way, the SMA
system can simultaneously be used as a sensor and an actuator. This is known as the selfsensing capability of SMA. To utilize this self-sensing characteristic of SMA, various
empirical models are derived which are system-specific. Hence, to overcome this problem, a
Kalman filter-based approach is explored. In literature, Kalman filter-based self-sensing
applications of SMA wire actuator systems [2] are developed using phenomenological models
[3]. These models are simple to implement and are suitable for real-time applications but offer
limited scope for modelling arbitrary loading cases. These

cases can be effectively modelled
using thermodynamic based models [4,5], where the constitutive law, as well as the phase
kinetics, are derived following thermodynamic principles.
In this article, an EKF model has been developed based on the constitutive model proposed by
Boyd & Lagoudas [4], to estimate the outcome of an SMA wire actuator from the change in
electrical resistance of SMA wire during actuation. The outcome of the EKF model has been
compared with the same obtained from the constitutive model coupled with the heat balance
equation to check the performance of the developed EKF model.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
To analyze the proposed EKF’s efficacy, an SMA wire-actuator system is taken. An
undeformed SMA wire at room temperature (25 ◦C) is deformed, and a pre-strain of
e0=0.07129 is imparted to it. This wire is then held between two fixed supports with the help
of a spring, as shown in Figure 1(a). As the temperature of the SMA wire is increased by
applying a ramp voltage signal (Figure (1b)), the detwinned martensite phase starts converting
to austenite, and the wire starts contracting, stretching the spring by ‘δ’. Simultaneously,
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(a)

(b)

(c)

Figure 1. (a) SMA Wire-Spring System (b) Voltage Input (c) Electrical resistance SMA wire from model, used
as measured data in EKF

recovery stress also builds up in the SMA wire. For the given input voltage, the corresponding
variation in electrical resistance of SMA is calculated from the developed coupled
thermomechanical model [4]. To verify the capability of the developed EKF, white Gaussian
noise has been added to the resistance data, depicted in Figure 1(c). In the developed EKF,
the noisy electrical resistance is used as
 measured data, and the corresponding voltage signal
is fed as input data. The state of the SMA, i.e., its stress and temperature are
  estimated and
compared with the same obtained from the model for the same input. The estimated stress,
temperature of the SMA and displacement of the spring closely follow the same obtained from
the model as shown in Figures 2(a), 2(b) and 2(c), respectively. This verifies the
implementation of the EKF model.

(a)
(b)
(c)
Figure 2. Comparison of System Response from Model and EKF (a) Temperature-Time (b) Stress-Temperature
(c) Displacement-Time
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1. INTRODUCTION & OBJECTIVE

In recent years there has been a constant effort to use new materials in construction,
aerospace, and automobile industry. Polymers are one such example. Bitumen is often used as
a binder in pavements for highways. Bitumen exhibits viscoelasticbehavior. There are also
examples of other construction materials like rubber, wood, and concrete, which exhibit a
time-dependent response.
The time-dependent behaviors like creep and stress relaxation of such materials areidealized
using viscoelastic constitutive relations. The use of an integral constitutive representation for
linear viscoelasticity to study these materials is widespread, even though the response of the
material does not obey superposition and scaling principles. Rate type viscoelastic models are
convenient for developing nonlinear viscoelastic models. A general rate type viscoelastic
model is wherein the strain, strain rate, stress, and stress rate are related to an implicit relation.
Also, the use of fractional-order derivatives is becoming popular. A multi-field finite element
formulation is more appropriate to solve problems involving such implicit viscoelastic
constitutive relations. Many multi-field formulations have been used to study the flow of
viscoelastic rate type fluids and finite element analysis of nonlinear viscoelastic elastomers.
Shankar et al. [1] proposed a method for formulating boundary value problems where both the
stress and displacement are taken as primary unknowns. In this method, of all the continuous
displacement fields which satisfy the displacement boundary condition and of all the stress
fields that satisfy the equilibrium equations and traction boundary conditions, the one(s) for
which the constitutive relation holds is sought. The problem is cast as a minimization problem
wherein the stress and displacement fields that minimizes the error in satisfying constitutive
relation is found. This proposition is extended to solve truss problems involving viscoelastic
materials in [2]. Six different methods for efficient time integration of the viscoelastic
constitutive relations are studied among the many possibilities. The accuracy and
computational efficiency of these different methods are studied for different types of
viscoelastic constitutive relation - rate, integral and fractional order models. The objective of
this work is to implement the techniques presented in [2] to formulate a 2D rectangular
element to solve plane problems involving viscoelastic materials.
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2. METHODOLOGY

We are interested in finding the stress, σ(t) and displacement, u(t) for a body made of
viscoelastic material subjected to some boundary traction and displacement under the absence
of body and inertial force such that the following equations are satisfied: Strain-Displacement
relations, Equilibrium equations, Traction and displacement boundary conditions, and
Constitutive relation. Stress field is expressed as a linear combination of basis functions, each
of which satisfies the equilibrium equations and strain field is independently obtained from a
smooth displacement field again represented as a linear combination of some basis functions.
The coefficients of the basis function in the linear combination are functions of time. These
coefficients,which are functions of time, are determined such that the constitutive relation
holds along with the constraint arising from the boundary conditions.
The Frobenius norm of the constitutive relation integrated over the spatial domain is
considered as the objective function and is minimized at every time. Depending on the form of
the constitutive relation, the objective function is either a differential or integral equation in
time. The traction and displacement boundary conditions place a linear constraint on the
coefficient of basis functions of stress and displacement fields for small deformations and
nonlinear constraints for large displacements. Since the viscoelastic relation contains stress,
stress rate, strain, and strain rates, in this study, coefficients of stress basis functions and
displacement basis functions or their rates are taken as independent variables. The unknown
independent variables are found such that the objective function is minimized subjected to the
constraints at select times. Based on the choice of independent variables, two algorithms for
the time integration scheme for viscoelastic constitutive relation and an optimal time-stepping
procedure are proposed. Optimal time stepping is done by defining a tolerance value (tol),
which is the normalized root mean squared error in solutions obtained with sometime steps, N,
and the solutions obtained with finer time-steps 2N. Starting from the user-specified number
of steps N, the algorithm iterates until thetolerance value, tol is less than the required degree of
tolerance supplied by the user.
3. RESULTS

Example problems are solved and compared with analytical solutions to validate the
formulation. A rectangular domain characterized by viscoelastic constitutive relation in rate,
integral and fractional order representations are considered. Three types of problems, uniaxial
tension, biaxial tension, and pure shear with two loading histories, creep, and sinusoidal
loading is solved using the two algorithms proposed. The time-stepping algorithm is used to
obtain the solutions within a desired degree of accuracy. When a target tolerance of 1% is
required, the actual error in solutions obtained is less than 1% for all the problems studied.
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1. INTRODUCTION & OBJECTIVE

The laminated composite shell structures are very common in advanced engineering
applications e.g. spacecraft, aircraft, submarine, wind turbne blade etc. due to their high
specific strength, light weight and other advantageous properties. Shell structures have
advantages over plate due to their curvature in carrying loads and moments. Cut-outs are the
integral parts of most of the laminated shell structures, although the provision of cut-outs are
unavoidable in most of the engineering structures. The presence of a cut-out makes a structure
weak due to the occurance of stress concentration near opening. These cut-out structures often
initiates failure at comparatively lower stress and sometimes due to resonance. Threfore the
influence of cut-out on the dynamic behavior of laminated shells is to be dealt carefully.
Chakraborty et al. [1] presented the free and forced vibration problems of isotropic and
laminated composite shells with and without cutouts using the eight-node isoparametric finite
element formulation. A semi-analytical solution for free vibration analysis of laminated
shells with a circular cutout for different geometric configurations was presented by Poore et
al.[2]. Hu et al. [3] studied the free vibration analysis of laminated curved panels with central
circular cutouts and subjected to axial compressive forces by ABAQUS finite element
software. Biswas and Ray [4] presented the free vibration analysis of glass fiber reinforced
laminates and hybrid laminates experimentally and numerically. Mandal et al. [5] studied the
dynamic behaviour of laminated composite shells with and without cut-outs numerically and
experimentally. In the present study free vibration analysis of six layered glass fiber laminated
composite shell (GFRP) with and without cut-out has been presented using ANSYS software.
The accuracy of the present model has been verified by comparing the solutions with
experimental results obtained from Mandal et al. [5]. An extensive parametric study has been
carried out to check the curvature effect on non-dimensional frequency with varying cut-out
percentage of the shell.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

The free vibration analysis of laminated composite shells with cut-outs are investigated in the
present study. Six layers of bi-directional symmetric cross-ply glass fabrics of average
thickness 0.5 mm each layer and epoxy resin are used for the laminates. The composite
laminated cylindrical shells of projected plan area 250mm × 250mm and radius of curvature
145mm have been analysed in the present study. The curved edges of the shell model are kept
free and the other two straight edges are simply supported (only θy is free). The fundamental
natural frequencies with varying cut-out sizes are determined using SHELL281 element
available in ANSYS. The numerical results of modal analysis obtained from ANSYS software
package have been validated by comparing with the experimental results and the comparison
shows very good agreement with each other. The material properties used for the parametric
study presented in table 2 are as follows: E1= 25E2, G12=G13=0.5E2, G23=0.2E2, γ12 = 0.25.
Table 2 shows the values of the non-dimensional fundamental frequencies of cross-ply
laminates with R/a ratio 1 and 2 and it is observed that for the same cut-out percentage, the
non-dimensional frequency value increases with increase in R/a value.
Table 1. Fundamental natural frequencies of a glass fiber laminated shell having curved edges free and straight
edges simply supported (only θy is free) with varying cut-out sizes.
Fundamental natural frequency
Deviation percentage
Cut-out
Cut-out
(ANSYSExperimental
Frequency using
(%) (Y(%) (Yfrequency [5]
ANSYS
Experiment)/Experiment
direction)
direction)
(Hz)
(Hz)
0.2a
0.2b
271.58
280.98
3.46
0.4a
0.4b
255.34
267.14
4.62
0.2a
0.4b
272.29
279.54
2.66
Table 2. Curvature effect on the non-dimensional frequency of cross-ply lamination schemes (0°/90°)4 and (a/b =
1 and a/h = 100) shells with varying cutout percentage.
R/a
Cut-out
ratio
Mode 1
Mode 2
Mode 3
Mode 4
1
0
30.27
53.564
54.794
56.517
0.2
29.546
49.237
55.767
56.522

2

0.4
0.6
0
0.2
0.4
0.6

28.024
32.567
33.42
32.469
30.963
35.63

35.168
33.35
41.83
40.395
36.059
36.7

48.349
48.564
55.293
56.526
47.178
53.352

56.613
53.629
57.075
57.167
52.483
56.273
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1. INTRODUCTION & OBJECTIVE
A category of functional materials known as the smart materials has gained significant attention
to engineers and scientists due to its interesting engineering properties and characteristics. These
materials are capable to sense the external stimuli such as load, pressure, stress, heat,
temperature, light, electric, and magnetic field from its surroundings and respond consequently.
The most interesting property of these materials is that they can regain their original state once
the external stimuli is removed. Certain discoveries in past decades, such as piezoelectrics in
1880 by Jacques and Pierre Currie, synthesization of NiTi shape memory alloys in 1965 by W.
Bugerand F. Wang and concept of nanotechnology in 1959 by Richard Feynman has provided as
a fundamental base to the material science and coming-of-age technologies. The intrinsic sensing
ability of these shape-changing materials facilitates the alteration in their geometry in response to
the change in the external stimuli that, in turn, enables the optimum performance of these
materials.
Over the past few decades, smart materials and technologies have been efficiently employed in
various fields such as biomedical, aerospace, automotive, and robotics. The paper has been
focused on the systematic review of available literature and a brief discussion on the working
principle in diverse conditions that impose a significant impact on their operational efficiency.
This paper has reviewed the extensive exploration of these materials, the recent advancements in
smart devices along with their mechanism, applications, and promising potentials in the
upcoming technologies.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
1. A detailed study on the application of NiTi based Shape Memory Alloy (SMA) materials
I.
Detailed mechanism analysis
II.
Review on Electrical modeling of Shape Memory Alloys
2. Study on the Piezoelectric materials
I.
Constitutive modeling
II.
Mechanism analysis
3. Review on Nanocomposites and their applications
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1. INTRODUCTION & OBJECTIVE
Concrete filled steel tubular (CFST) columns are used as the main structural elements for resisting both vertical and
lateral loads in high-rise buildings and long span bridges. If we are using thin steel tubes in CFST columns welding
and construction will be easy. The steel plates tend to be slenderer when adopting high-strength steel. The stiffened
CFST columns by using longitudinal stiffeners or diagonal binding ribs have continuous strong confinement, from the
ribs or stiffeners to both the concrete and steel tube. This can facilitate the use of thin walled and high-strength steel
and concrete. The diagonal ribs with openings can act as shear connectors, it can avoid the disengagement at interfaces
between the concrete and the steel tube, it also helps while pouring concrete and also helps to restrain the expanded
deformation during concreting to some extent.
In this study, using the software ANSYS 16.2, numerically studied the effect of ribs and stiffeners on axial load
carrying capacity of 19 column models and the performance of 3 unstiffened square and 2 octagonal CFST columns
under seismic loading using nonlinear static analysis. The models used for this study are square CFST columns without
stiffeners, square CFST columns with diagonal binding ribs, square CFST columns with longitudinal stiffeners and
unstiffened octagonal CFST columns. CFST column was validated against the experimental results under axial load
from the reference journal. Increase in thickness of steel tube, stiffener and rib shows higher load carrying capacity.
square CFST has more load carrying capacity than octagonal CFST columns. Stiffened CFST column has higher load
carrying capacity than unstiffened CFST column. The ribs with square openings had higher strength than that with
circular openings. The ultimate strengths slightly decreased when the opening diameter is increased from 0.4 to 0.6
times the diagonal rib width. Ultimate strength decreases when the opening spacing is increases. The unstiffened square
CFST columns have better seismic performance than unstiffened octagonal CFST columns. Also the dissipation of
seismic energy increases when increasing the thickness of steel tube.

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Unstiffened square CFST column with 6 mm thick steel tube has 20.85% more axial load carrying capacity than
unstiffened square CFST column with 2 mm thick steel tube. Because increase in the thickness of steel tube makes the
concrete more effectively confined by the thicker steel tube, which inturn decrease the local buckling and thus increase
the axial load carrying capacity.
Ultimate load carrying capacity of longitudinally stiffened CFST with 3 mm thick steel tube and stiffener and 2
stiffeners per side is increased by 9.6% than longitudinally stiffened CFST with 3 mm thick steel tube and 2 mm thick
stiffener per side, because greater number and thickness value of the stiffener improves the confinement of the concrete
effectively.
The ultimate load of unstiffened octagonal CFST column with 3 mm thick steel tube is increased by 10.18% than
unstiffened octagonal CFST with 2 mm thick steel tube. Because increase in the thickness of the outer steel tube makes
the concrete more effectively confined by the steel tube, which helps to decrease the local buckling and increase the
axial load carrying capacity.
The ultimate load of diagonal rib stiffened CFST with 6 mm thick steel tube 12.53% more than unstiffened square
CFST with 6mm thick steel tube. Because the concrete in corners of rib stiffened CFST columns are more confined.
Hence the triangular prisms in the four corners are necessary to improve the axial performance by confining the
concrete and steel tube. Unstiffened square CFST has about 30.43% more load carrying capacity than octagonal CFST
columns because the area of cross section of square CFST is more and also the area of steel is more which helps to
reduce the axial stress and increase the strength.
Diagonal rib stiffened CFST with 6 mm thick steel tube has about 31.66% more ultimate load than that with 2 mm
thick steel tube. Because if thicker the steel tube it confines the concrete more strongly, hence reduce the local buckling.
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Diagonal rib stiffened CFST with 2 mm thick rib has about 5.46% more ultimate load than diagonal rib stiffened
CFST with 6 mm thick rib. Because the increase in the thickness of ribs leads to improvement in the confinement of
the concrete due to high strength offered by the steel.
The diagonal rib stiffened CFST with square openings had 5.16% more axial load carrying capacity than diagonal
rib stiffened CFST with holes. Because the net cross sectional steel area of the model with square openings was larger.
The ultimate strength decreased by 6.47% when increasing opening diameters from 0.4 to 0.6 times the diagonal
rib width. Because, the net area of the rib available to effectively confine the concrete will be reduced.
The ultimate strength decreases when the opening spacing is increase from 2.5 to 3.8 times the opening diameter.
Because when decreasing the spacing of openings on ribs, the net area of the rib to confine the concrete increases. And
also, the number of openings increases when spacing reduces which acts like more number of shear connectors in the
stiffener.
Unstiffened square CFST column with 6 mm thick steel tube dissipates 4.17% more seismic energy than that with
2 mm thick steel tube. Because confinement of the concrete by the steel tube will be more effective.
Unstiffened square CFST column with 3 mm thick steel tube dissipates 12.7% more seismic energy than similar
octagonal CFST column. Because more concrete and steel are available in the square column used in this study, which
makes it stronger to resist the seismic load.
Unstiffened square CFST column with 6 mm thick steel tube has the maximum area under the hysteretic loop and
thus dissipated maximum amount of energy because of its shape and greater thickness of steel tube.
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1. INTRODUCTION & OBJECTIVE
Bimaterial interfaces are prominent not only in large engineering and structural applications,
but also in microstructures that ranging from electronics to the joints in adhesives, from
composite interfaces to various coatings on substrate. With the increasing demands on multifunctional needs (wear, corrosion, thermal resistance) in mechanical, aerospace and
biomedical applications, it is essential to achieve a good understanding of the mechanical
behavior of such dis-similar material interface for optimize design.
This present work addresses some numerical issues of the cohesive zone modelling
(CZM) for an interface crack between two dissimilar isotropic elastic materials (considering
oscillatory index ε= 0). A constant traction-separation law for the cohesive element is
assumed, and a procedure is outlined to remove the stress singularity arising due to the crack
tip under linear elastic fracture mechanics (LEFM) analysis. Two infinite dissimilar materials
bonded along the interface are considered in the study. The central cohesive crack is
considered along the interface, and its growth is observed under remote pure and mixed mode
loading as shown in Fig.1.
Singularity dominated circular plate is simulated in the finite element (FE) package
ABAQUS where the well known LEFM Mode I, Mode II and mixed mode plane stress
traction are applied to its outer boundary. The characteristic dimension of the two dimensional
cohesive element is, however obtained from the previous analytical solution of Jin and Sun[1].
Attempts are made to equalize the energy released rate between the LEFM and CZM. An
approach identical to that of Zavatierri and Bower [2] has been adopted in this simulation.
Quasi-static conditions are prescribed by slowly loading the specimen to allow the cohesive
zone to rupture. The numerical investigation justifies the removal of overall stress singularity,
equalizes the energy released rate and agreed well with the analytical studies.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The commercial FE package ABAQUS/standard interface is used for the simulation.
The model geometry is of 3D shell features. The continuum elements are represented by a 4node bilinear plane stress quadrilateral hourglass control with a 4 node 2D cohesive elements
are placed along the interface. Reduced integration scheme is adopted to curtail the simulation
time. The constant traction-separation relation for negligible small thickness interface
elements is taken care of by a user-defined subroutine (UMAT). The traction in the cohesive
zone drastically drops to zero as the interface reaches the critical separation and beyond this,
the two surfaces will become distinct entities.
Special cases of α ≠0, β=0 (Dundur’s parameter) afford insight into interface crack
problem without the added complications of oscillations related with a non-zero ε.
Cancellation of stress singularity at the tip of the cohesive zone will lead toIndian Institute of Technology Kharagpur
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𝐾𝑎𝑝𝑝𝑙𝑖𝑒𝑑 + 𝐾𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 = 0 … … … . (1)

2
(𝜎𝛼 + 𝑖𝜏𝛼 )√𝜋𝑎 = √ (𝜎𝑛 + 𝑖𝜏𝑠 )2√𝜌 … … … . (2)
𝜋

where, 𝜎𝛼 and 𝜏𝛼 represents loading level; 𝜎𝑛 and 𝜏𝑠 normal and tangential cohesive traction;

𝑎 and 𝜌 defines the crack length and the characteristics length of the cohesive zone
respectively.

Fig.1 Prescribed boundary conditions at
the periphery of the simulated circular plate

Fig.2 Cohesive crack opening in a biomaterial (β=0)

Table 1. Overall mixed-mode SIF obtained for a biomaterial interface crack (ρ=1.5 mm, β=0)
Material combination
𝐸1 =70GPa
𝜐1 =0.3

𝐸2=80GPa
𝜐2 =0.2

𝐸1 =70GPa
𝜐1 =0.1

𝐸2=38.88GPa
𝜐2 =0.5

𝐸1 =70GPa
𝜐1 =0.5

𝐸2=84GPa
𝜐2 =0.4

Dundur’s
parameter (α)
−.0667

𝐾1 = 𝐾2 = 97.74

−.0909

𝐾1 = 𝐾2 = 97.74

. 2858

𝐾1 = 𝐾2 = 97.74

Applied SIF

Overall SIF
obtained
𝐾1 = −.8836
𝐾2 = 4.165
𝐾1 = −1.052
𝐾2 = 2.829

𝐾1 = −.9630
𝐾2 = 3.998

error
𝐾1𝑒𝑟𝑟𝑜𝑟 = .9040%
𝐾2𝑒𝑟𝑟𝑜𝑟 = 4.26%

𝐾1𝑒𝑟𝑟𝑜𝑟 = 1.076%
𝐾2𝑒𝑟𝑟𝑜𝑟 = 2.894%

𝐾1𝑒𝑟𝑟𝑜𝑟 = .9852%
𝐾2𝑒𝑟𝑟𝑜𝑟 = 4.09%
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1. INTRODUCTION AND OBJECTIVE

Among the geosynthetic reinforced soil (GRS) walls commonly in use, the segmental GRS
walls have attained wide popularity (Ren et al., 2016). Beyond a certain height, segmental
retaining walls are not economical, and these walls are built in a tiered fashion, which can
significantly reduce the reinforcement stresses and provide more economy(Leshchinsky et
al.,2004). The geosynthetic reinforcements used in these walls experience creep deformations
due to the time-dependent properties of reinforcement materials, and it may affect the overall
performance of tiered walls. Hence, an analysis of the same provides a relevant contribution to
the design aspect of these tiered walls. Also, numerical modeling of the structures has gained
more popularity due to the extensive research scope in this field as the physical tests are more
time consuming and less economical (Ren et al., 2016).
This paper investigates the effect of creep deformation on the long-term performance of
geosynthetic reinforced tiered retaining walls. The numerical simulations were performed
using the finite element program ABAQUS (2018). In this study, the critical offset distance,
which will not affect the global stability of the wall but provides improved performance and
better economy, was determined. By employing the obtained critical offset distance, further
analysis was carried out to study the effect of the number of tiers on the retaining wall
performance.
The tiered wall modeled is 9 m high with concrete modular facing and having dense sand
as its backfill soil. The wall rests over a 5 m thick sandy foundation soil. The backfill and the
foundation soil is characterized by employing the Drucker-Prager model, and the wall facing
block is assumed to behave in a linear elastic manner. The geogrids used are 6.3 m in length
and are placed at 0.6 m intervals. The creep effect of reinforcement is simulated by the
viscoelastic model. The interface behavior between the wall facing and the backfill soil was
modeled using the surface-based interface option. No-slip was assumed between the backfill
and the reinforcements. The finite element modeling approach adopted in this study was
validated against the results obtained from Hatami et al. (2005).
2. RESULTS AND HIGHLIGHTS OF IMPORTANT POINTS
The results of the study are presented in terms of lateral facing displacement and the
maximum reinforcement load considering creep deformations for three years. Variation of
lateral facing displacement and the maximum reinforcement load along wall height for
different offset distances is shown in Figs 1 and 2. As can be seen from Figs 1 & 2, when the
offset distance is increased, lateral facing displacement and the maximum load carried by the
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reinforcement is reduced. Further inspection of Fig.1 shows that there is a greater reduction in
facing displacement when the walls are offset even by a small distance. After an offset
distance (D) of 0.8H1 (H1 is the height of the lower tier), the facing lateral displacement
remained nearly the same. After comparing the effect of offset distance on maximum
reinforcement load for a range of 0.8H1 to H1, the critical offset distance was selected as H1.
From Fig 3., it can be seen that an increase in the number of tiers of the wall from one to three
causes a significant reduction in lateral facing displacement. A similar trend can be observed
in the case of maximum reinforcement load also (Fig 4). The contour plot of the lateral facing
displacement is illustrated in Fig 5. The reduction in lateral displacement with offset distance
is due to the reduction in lateral stress with an increase in tier offset. The same effect is also
produced by an increase in the number of tiers. A decrease in reinforcement load due to an
increase in offset distance is due to the reduction in the influence of equivalent surcharge from
upper tiers.
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1. INTRODUCTION & OBJECTIVE

Development of light weight structure is one of the major research trend in transportation
sectors. Reducing the operational and maintence cost have been received considerable
attention for further use of lightweight materials. Fiber composite, Magnesium and Aluminum
alloys etc. structures have showcased their potential to improve the cost effectiveness. In spite
of their potential, some of them have their own shortcomings such as poor impact strength of
fiber reinforced polymers (FRP’s) and poor fatigue strength of Aluminum alloys [1]. Fibrereinforced composites are rapidly gaining market share in structural applications, but
furthergrowth is limited by their lack of toughness. Fibre hybridization is a promising strategy
to toughen composite materials. By combining two or more fibre types, these hybrid
composites offer a better balance in mechanical properties than non-hybrid composites [2].
Over the years, toughening of fibre-reinforced polymercomposites has been a highly active
research area. One of the most researched strategy is toughening of the polymer matrix by
tuning the polymer chemistry or by rubbers, thermoplastics or nano-scale reinforcements. The
failure strain and toughness can be dramatically increased if brittle fibres are replaced by
ductile fibres [3]. In this respect, metal fibres have the potential of high stiffness and large
failure strain, but they are hampered by their high densities. In general, the purpose of
bringing two fibre types in a single composite is to maintain the advantages of both fibres and
alleviate some disadvantages. For instance, replacing carbon fibres in the middle of a laminate
by cheaper glass fibres can significantly reduce the cost, while the flexural properties remain
almost unaffected. If a hybrid composite is loaded in the fibre direction in tension, then the
more brittle fibres will fail before the more ductile fibres. This fracture behaviour can be used
for health monitoring purposes or as a warning sign before final failure.
According to survey carried out by Boeing claimed that maximum damages and repair’s
arising in aircrafts are due to fatigue cracks. To reduce this Delft University of Technology,
had come with novel idea of adhesive bonded structure made of thin metal sheets and fibers
and it was termed as fiber metal laminates (FMLs). Presently FMLs core are made of single
type of polymer fiber (Glass/Carbon/Kevlar). Ahmet Erkliğ et.al. [4] studied the vibrational
response of the hybrid composite made of Woven S-glass fibers, Kevlar and carbon fibers.
The results illustrated that natural frequencies can be improved by introducing the laminate
with higher stiffness in the upper layer. Mehmet Bulut et.al. [5] studied the tensile and
damping response of the glass laminate on introducing the Kevlar fiber into it. The results

1

Further author information: (yatishmuddappa@bmsce.ac.in) Telephone:+91-8762923126
Dr. Giridhara G, Professor: E-mail: ggiridhar.mech@bmsce.ac.in.
Dr. Rajanna T,Assistant Professor: E-mail: rajanna.civ@bmsce.ac.in.
Indian Institute of Technology Kharagpur

1|P age

Advanced Mechanics of Materials (AM)

depicted the damping response of brittle material can be significantly improved by introducing
Kevlar into the laminate.
Most of the buckling study of composite laminated panels are carried out under uniform
compressive load. At real time loading situation uniform loads are very trivial in nature.
Therefore analyzing the hybrid FMLs panel under non-uniform loads is very much needed to
judge the best laminates for the real time applications. At present there is no source available
related to hybrizdization in FML plates with and without cut-outs subjected to in plane
varying load with equal intensity of loads.
A generalized computer program by using FORTRAN language has been developed to solve
vibration and buckling problems. A 9-noded heterosis plate element has been used to
discretize the plate by taking into account the effect of shear deformation and rotating inertia
[6,7]. It can be inferred that large number of investigation deals with the vibration and buckling
behavior of uniformly spread edge loads on laminated panels. The vibration and buckling
behavior of FMLs under uniform edge loads is very scanty in the available research literature
[8,9]. No work is identified in the literature according to the knowledge of authors, which relates
to the effect of inplane edge varying loads on vibration and buckling behavior of hybrid FMLs
with and without cutout. The hybrid FMLs is developed by combining the individual properties
of glass and carbon fiber and therefore one can achieve good strength and economical design.
Hence, through this work an attempt has been made to study the effect of linearly varying
inplane loads on vibration and buckling characteristics of hybrid FMLs by conspiring various
parameters such as plate aspect ratio, thickness of plate, boundary condition and hybrid
configurations.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The effect of inter-laminar hybridization of glass and carbon fibers in FMLs with and without
cutout on buckling and vibration behavior will be studied extensively under different varying
inplane loading conditions. This investigation helps designers to select the suitable hybrid
configurations based on their application and loading conditions which in turn yield cost
savings.
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1. INTRODUCTION & OBJECTIVE

Bamboo has been used for several millennia in construction but its use as a replacement of
steel reinforcement in concrete is still in the early stage of development. Despite a number of
experimental studies illustrating the effective use of bamboo as a longitudinal reinforcement
for concrete compression members, there is a lack of numerical studies on Bamboo
Reinforced Concrete (BRC) columns under different loading conditions. In order to develop
the design guidelines for BRC members, accurate numerical simulations, that agree with
laboratory tests, are needed.
This paper demonstrates the use of finite element analysis to predict the response of BRC
columns under axial compression in light of the experimental data obtained from previous
studies by Terai and Minami (2011) and Agarwal et al. (2014). While in the study by Terai
and Minami (2011) monotonic compression test of 16 column specimens were carried out
with three different grades of concrete to study the effect of concrete strength, the study by
Agarwal et al. (2014), tried to understand the effect of reinforcement percentage on the load
carrying capacity of bamboo reinforced columns by conducting axial compression and
transverse loading tests while simultaneously varying the percentage of bamboo
reinforcement. The objective of the present study is to predict the load-deflection behavior of
BRC columns under axial compression by developing a finite element model of BRC column.
In the present study, the commercial numerical analysis software ABAQUS (ABAQUS 2014)
is used for investigating the effects of using different material model, element type and mesh
size. The concrete part is discretized using 8-noded linear brick elements with reduced
integration (C3D8R), whereas for reinforcing bamboo a 2-noded linear 3-D truss element is
used. We consider the concrete damaged plasticity (CDP) model to capture the complete
inelastic behaviour of concrete both in tension and compression, including the damage
characteristics. As for longitudinal bamboo reinforcement and stirrups, a linear elastic
behaviour is considered. A perfect bond between bamboo and concrete is assumed.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The length of the column is taken as 500 mm. The material and geometrical properties
considered in the study are listed in Table 1. The results of compressive strength vs axial
deformation obtained from numerical models are compared with the experimental results of
1
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Terai and Minami (2011), and have been plotted in Figure 1. From the comparison it can be
seen that the numerical and experimental compressive strength vs axial deformation are in
good agreement.
Table 1: Properties of column specimens (Terai and Minami 2011)
Longitudinal reinforcement

Transverse reinforcement

Column cross-section
(mm×mm)

Concrete
fc (MPa)

Number-diameter

Pg (%)

s (mm)

Pg (%)

5

200×200

20

4-φ15

1.13

100

0.078

7

200×200

30

4-φ15

1.13

50

0.141

Unit

(a)

(b)
35

Present study
Terai and Minami (Unit 5)

20

Compressive stress (MPa)

Compressive stress (MPa)

25

15

10

5

Present study
Terai and Minami (Unit 7)

30

25
20
15
10
5
0

0
0

1

2

3

4

5

0

1

2

3

4

5

Axial deformation (mm)

Axial deformation (mm)

Figure 1: Compressive stress and axial deformation curve: (a) Unit 5 and (b) Unit 7

The differences between the numerical and experimental compressive stress vs axial
deformation curve are mainly due to the lack of data on concrete strength, the assumption of
linear behavior of bamboo under uniaxial compression and the assumption of perfect bond
between bamboo and concrete.
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1. INTRODUCTION & OBJECTIVE
Nowadays, laminated composite materials are extensively used in many advanced engineering
structures. Rectangular cavity is one such important structure which may be subjected to
buckling due to application of in-plane load. Many works have been found on static, buckling
and dynamic analysis of laminated composite plate and shell elements. But to the best of authors
knowledge no such investigation has been found on buckling characteristics of composite
rectangular cavity. Sometimes cutouts are essential in this rectangular cavity for provision of
window, wing, spar, fuselage, ribs etc. for accessing and inspection of electric, hydraulic and
fuel lines. Occasionally cutouts are provided to reduce the overall weight of the structures.
In this present study, buckling characteristics of a laminated composite rectangular plate cavity
with and without cutout have been studied. Finite element method using first order shear
deformation theory including rotary inertia have been taken so that moderately thick plate can
be used in the cavity. Parametric studies have been performed to show the effect of different
boundary conditions, cutout ratios, various angle of fiber orientations and thicknesses of the
plate. It has been shown that buckling load on a rectangular cavity depends considerably on the
said parameters.
2. THEORETICAL FORMULATION
Finite element analysis has been done using eight-noded isoparametric quadratic elements.
Five degrees of freedom (u, v, w, θx, θy-three translations and two rotations) at each node has
been used. Folded plate transformations have been used to model the cavity. To apply this
transformation, the element arrays are inflated to include a very small positive quantity, a
thousandth of the least quantities in the leading diagonal in locations corresponding to the 𝜃z
terms [1] to convert element matrices into a complete three dimensional form. Finally, these
arrays are evaluated for each element, assembled and updated for boundary conditions before
solving. The governing equations for buckling analysis is:
( [𝐾’] − 𝜇 [𝐾𝐺𝑎 ] ) {𝛿} = 0

Where, [𝐾’] and [𝐾𝐺𝑎 ] are linear and geometric stiffness matrices, respectively.

3. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
A MATLAB program has been developed based on the above theoretical formulation. The
rectangular cavity taken for the study is of dimension 1.8m x 0.6m x 0.6m. The two ends of the
cavity remains open. The boundary conditions at the extreme ends are taken as fixed. The four
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faces of the cavity have been considered as the flexible plate of 5mm thickness made up of
graphite-epoxy material with the following material properties:
E1=130GPa, E2= 9.5GPa, G12= G13 = 6.0GPa, G23 = 3.0GPa, ν12=0.23, ρ=1600 Kg/m3.
The fibre angle has been taken as (0o/90o /90o /0o). In-plane load along the length (x axis) , along
the width (y axis) and along both x and y axes of the cavity have been applied. The
nondimensional uniaxial and biaxial buckling loads have been found out and tabulated in Table
1. The first three buckling mode shapes have been plotted in Fig. 1. It is seen that the uniaxial
buckling load is higher along y direction than along x direction. It is due to the larger dimension
of the cavity along x direction. The biaxial buckling load is less than uniaxial one.
Table1. Non-dimensional Buckling for different loadings (=λa2/E2h3)
Buckling
Mode

Along X Direction

Along Y Direction

Along X And Y
Direction

1

94.25

113.61

69.89

Buckling mode shape 1

Buckling mode shape 2

Buckling mode shape 3

Fig.1: First Three Buckling Shape for uniaxial loading along length
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ABSTRACT
Optimally designed elastomeric cellular structures can safeguard the human body or an
engineering system from the blow of an impact as they manifest excellent energy
absorption capabilities through undergoing large deformation at constant stress as well as
offer high strength to weight ratio. This study aims to develop peculiar lightweight
elastomeric cellular structures having high energy absorbing capabilities that have
potential applications in designing reusable energy/shock absorbers. Further, in the present
study, we investigate the mechanical properties, deformation, and collapse mechanisms of
elastomeric cellular structures with gradually varying pore density throughout the
specimen. Results of numerical simulations suggest that structure with non-homogeneous
pore density offers better energy absorption capabilities than structures having
homogeneous pore density despite overall porosity being similar, which ultimately results
in material saving.
Keywords: Elastomers; Periodic structures; Graded porosity; Energy Absorption
1. INTRODUCTION & OBJECTIVE
Adaptive design of an elastomeric cellular solid made of soft material opens an avenue to
absorb mechanical energy and shielding the body or structures as they undergo large
deformation at constant or near-constant stress once localization takes place in a stressstrain curve. Cellular solids like polymeric, metallic foams and honeycombs have been
explored comprehensively and utilized for mechanical energy absorption during impact
loading. The compaction of cells in these materials contribute to the desired capability.
However, these materials are permanently deformed after compaction and cannot be
reused. Cellular structures made of elastomeric materials can be recovered even after large
deformations. Two-dimensional periodic cellular materials made of elastomeric soft solid
shows a dramatic transformation of the original geometry as the result of the mechanical
instability (buckling) [1,2]. The instabilities in soft porous solid can be exploited to design
reusable energy absorbing material. Under compressive loading, elastomeric porous
structures can undergo significant compaction because of microscopic buckling.
Utilization of these materials as energy-absorbing devices under impact loading and their
characterization at high-strain rates obligate a better understanding of material behavior.
The objective of the work is to investigate the deformation behavior and mechanics of
energy absorption in soft-porous materials under high strain rate loading. We also explore
the effects of the gradation of pore density on the compaction behavior and the energy
absorption behavior of the material.
2. MATERIALS AND METHODS
The compaction behavior of elastomeric cellular structures are analyzed numerically using
finite element simulations. Different configurations having homogeneous and non1
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homogeneous porosities are modeled. Non-homogeneous porosities are obtained by
gradually varying pore density and/or pore shape. Each specimen comprises a square array
of 11×11 holes. The material is modeled as nearly incompressible Neo-Hookean
hyperelastic material, characterized by bulk modulus (K) of 555 kPa, and initial shear
modulus (µ) of 0.33 kPa. The density of the material is used as 1250 Kg/m3 [3].
3. RESULTS AND DISCUSSION
Figure 1 shows the deformation behavior of structures having homogenous and nonhomogeneous porosities under large compressive strain. At various stages, corresponding
deformed shapes are also presented. The results have been plotted till the point where
stable compression is prominent. We observe typical behavior exhibit by cellular solid
with three distinct regimes, a linear elastic regime (up to point A), a stress plateau (from A
to C), and densiﬁcation by further compression (from C to F). Point F is referred to as a
global buckling point, where whole structure buckles. The area under the nominal stressstrain curve indicates the energy absorbed during compression. Note that by the time
global buckling sets in the structure, it has gone under a significant strain of almost 32%
for structure with homogeneous porosity (Figure 1a) and 38% for non-homogeneous
structure (Figure 1b).

(a)
(b)
Figure 1: Various stages of deformation of the cellular structure under compression for structures having (a)
homogeneous porosity, and (b) non-homogeneous porosity. Porosity is ~62% for both the structures.

It is observed that the non-homogeneous structure offers greater advantages over
homogeneous structure in terms of energy absorption capabilities as well as in material
saving despite overall porosity being similar. Further analysis of different designs of
structures is in progress.
4. SUMMARY
The findings of this study indicate that structures having graded porosity can be designed
to have better performance in terms of energy absorption. Such structures can have
potential applications in designing reusable energy/shock absorbers.
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1. INTRODUCTION & OBJECTIVE

Cold-form steel structures possess many advantages, including low steel consumption, light
weight and superior seismic performance. The use of CFS structures began in the 1850’s in both U.S.
and great britain. This paper discusses the performance of CFS based composite structures. Different
researchers have used the CFS in composite structures as differently to improve the strength of
structure. Test results show that by replacing standard reinforcement with thin-walled, cold-formed
steel sections of equal cross sectional area, the structural strength of the beam is maintained while
saving some cost of forms and shoring[1]. Research results show that shear connection between the
elements in composite structure effects the strength of the system. Li-min Tian, had used CFS in
composite floor system to increase the floor bearing capacity, improve sound and vibration absorption
performance, fire resistance and the thermal performance of the structure and this composite floor
comprises of CFS truss and composite mortar[2]. A new form of composite column has been
developed that a composite columns consists CFS C-sections that will act as a reinforcement and
permanent formwork to the concrete infill and those C-sections may be perforated to improve their
shear connection with concrete[3].
Wentao Qiao[4] presents composite floor having CFS C-sections, reinforcing bars, concrete
and polystyrene foam panels which was aimed to improve the interface slip between steel and concrete
and the stability of CFS sections. A recent study indicated that upon packing of the tubular
compression flange of CFS beams with hard materials like concrete/timber etc., there will be a
substantial delay in early local buckling instabilities, thus improving their flexural and torsional
carrying capacity considerably[5]. Pinelopi kyvelou[6] has conducted an experimental study on shear
connectors and adhesives for the degree of composite action that can arise between CFS joists and
Wood based flooring panels. It was also found that Hanaor (2000) and Lakkavalli and Liu(2006)
carried out a series of large-scale beam and pushout tests, investigating the performance of composite
beams comprising CFS channel sections and concrete slabs connected with various fastners to
maximize the degree of shear connection. In the context of enhancement of shear in CFS based
compsites, J.M.Irwan[7] introduced a new connection device, based on bent-up tab shear transfer
enhancement called bent-up triangular tab shear transfer (BTTST), has been studied through a
symmetric cold-formed steel concrete composite beam subjected to a static bending test, predicted the
shear capacity with new equation(based on the outliers analysis by using multiple linear regression
analysis) and test results show that, for specimens with a CFS of 2.4mm thickness, they failed due to
concrete crushing. However, the failure mechanism is different for specimens using 1.9mm CFS
thickness. They failed due to a sudden fracture of CFS.
A parameterized three-dimensional (3D) finite element model for analyzing the performance
of composite flooring system comprising cold-formed steel beams and timber floor boards has been
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developed by Harry Far and validated against experimental data reported for a specific steel/particle
board (PB) flooring system in the literature. Once validated, the model was used to investigate the
flexural behaviour of various composite floors by replacing the PB with a range of sustainable
engineered products like laminated strand lumber(LSL), laminated veener lumber(LVL) and
laminated bamboo boards(LBB) with known mechanical properties[8].
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The composite behaviour of perforated C-sections was shown that the shear-bond strength due
to perforations in the web of the C-sections was over 1.2N/mm2, when expressed as a longitudinal
shear stress over the full web area[2]. Composite slab composed of cold-formed thin walled steel Csections, bars, concrete and polystyrene foam panels failure mode is normal section bending failure,
experience ductile failure and have good bearing performance. From the failure mode of composite
slabs, it is seen that the top of the concrete slab is not crushed, the strain curves of the concrete show
that the concrete compression is not reach. Thus, the concrete in composite slab compression strength
is not fully used[3]. Both card board as well as timber packing’s offered good resistance, particularly
against the distorsional buckling of the CFS tubular cross sections[4]. It was found that, the spacing
of the fasteners and the application of structural adhesive at beam -board interface had a significant
influence on the attained degree of shear connection. The highest degree of shear connection was
obtained using the structural adhesive, bringing corresponding increases in capacity and stiffness of
approximately 100 % and 40%, respectively, over the bare steel[6]. The distortional buckling wave
length was found to decrease with reducing screw spacing. The system comprising the thinner CFS
steel sections benefitted to a greater extent from the mobilization of composite action because of higher
ratio of board area to steel area. Increases in moment capacity of upto approximately 50% and 100%
were achieved for the 3 and 1.5mm thick steel sections respectively[6]. Strength capacities of the CFS
concrete composite beams also increase when the dimensions of BTTST, thickness of CFS and
concrete strength are increased[7].
Comparing the predicted ultimate moment capacities of various composite flooring systems
with partial connections showed that by replacing PB with LBB, LSL, LVL, the ultimate moment
capcity of composite floor systems can be improved by 7.5%, 5.9%, 4.5%, respectively[8].
The Major Contribution of this study is towards proposing an efficient and innovative
floor/beam system of built-up cold-formed steel sections to improve the bending strength and shear
strength of the system. The strength improvement may be achieved by providing innovative shear
transfer enhancement mechanism or by providing innovative adhesives between the elements or by
constructing the CFS elements in different orientation.
REFERENCES
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1. INTRODUCTION & OBJECTIVE

The Classical plate theory (CPT) does not take into account effects of transverse shear in plate
deformation. Hence, it gives reasonably good results only for thin plates and underestimates
deflection of shear deformable plates (Wang et al. [1]).
Displacement-based first-order shear deformation plate theories (FSDT) assume constant
transverse shear strain through the plate thickness. Hence, in order to approximately satisfy
constitutive relations between transverse shear stresses and strains, FSDTs require shear
correction factor (Mindlin [2]).
Recently developed new first-order shear deformation theories (NFSDT-I and NFSDT-II) by
Shimpi et al. [3] consist of only two coupled governing partial differential equations involving
two primary unknowns, unlike Mindlin’s FSDT which consist of three coupled governing
partial differential equations involving three primary unknowns.
In this paper, static analysis of isotropic, orthotropic and three-layered cross-ply (00/900/00)
laminated plates having simply-supported boundary conditions (SSSS) using NFSDT-II is
presented. The generalized segmentation technique is used to solve the two-point boundary
value problem generated while carrying out the numerical analysis of the plate.
Governing differential equations (GDEs) based on NFSDT-II for rectangular laminated plates
consisting of N-orthotropic laminae are given by [3]:
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The symbols used in Eqs. (1) and (2) are having the same meaning as used in Shimpi et al. [3].
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The results shown in Table 1 are of the maximum normalized transverse deflection (𝑤
2), moment

and shear force component (𝑀& and 𝑄& ) of a square three-layered cross-ply (00/900/00)
laminated SSSS plate for different plate thickness-to-length ratio (h/a). The results are compared
with the corresponding results obtained using Mindlin’s FOSDT. The results for the Mindlin’s
FOSDT have been calculated by the authors utilizing the work reported in Refs. [4,5].

Table 1. Maximum normalized transverse deflection (𝑤
" ), bending moment and shear force component
(𝑀! 𝑎𝑛𝑑 𝑄! ) of a square three-layered cross-ply (00/900/00) laminated SSSS plate.
Case

h/a

Present
Mindlin’s
FOSDT

0.01

Present
Mindlin’s
FOSDT

0.05

Present
Mindlin’s
FOSDT

0.10

Present
Mindlin’s
FOSDT

0.20

𝒘
"

𝑴𝒙

𝑸𝒙

0.03023

0.05760

0.3022

0.02808

0.06267

0.3764

0.03070

0.05760

0.3022

0.02857

0.06267

0.3764

0.03216

0.05760

0.3022

0.03009

0.06267

0.3764

0.03801

0.05760

0.3022

0.03616

0.06267

0.3764

The normalization scheme and material properties pertaining to the plate analyzed in this
paper, are obtained from Ref. [6].
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1. INTRODUCTION & OBJECTIVE

Concrete filled steel tubes (CFST) are high strength members which efficiently utilizes the
properties of both concrete and cement. The steel tube provides the confinement effect to the
concrete core and increases the load-carrying capacity, whereas the concrete core resists the
inward buckling of the steel tubes, which delays the failure. This composite action of concrete
and steel leads to the high performance of these members.
In this study, CFST specimens with a concrete core of M15 and M20 mix are tested under
axial compressive load. Load on the CFST samples are applied in two ways; when the load is
applied on the whole and when it is applied only on the concrete portion. Three samples of
CFST are tested in each case, thus overall, 24 specimens of CFST stub columns are cast.
These stub columns are tested against the cylindrical concrete specimen. The size of the
cylindrical concrete specimen is 150mm diameter and 300mm height. The size of the steel
tube used has an inner diameter of 150mm, the thickness of the tube is 2mm, and the height of
the specimen is 300mm. Overall, 12 specimens of concrete and 24 specimens of CFST are
cast. Half of the samples Are tested at 14 days, and the other half is tested at 28 days. The
properties of steel tubes are tested through the tensile coupon test. The results of the axial
compressive test are noted, and average values are used. The models were then numerically
modeled in the finite element software ABAQUS.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The average value of the axial compressive strength for concrete specimens of M15 and M20
mix is noted at 14 days is around 11.17 N/mm2 and 15.2 N/mm2 respectively, and at 28 days, it
was observed around 12.5 N/mm2 and 16.3 N/mm2 respectively. In CFST samples, when the
load was applied to the cross-sectional area of the only core, the value of compressive strength
was observed as 55.38 N/mm2 and 67.27 N/mm2 at 28 days for CFST with M15 and M20
cores respectively. When the load is applied to the whole cross-sectional area, the values are
comparatively lesser at 49.12 N/mm2 and 6.44 N/mm2 at 28 days for CFST with M15 and
M20 cores, respectively. These are then validated in the Abaqus, and the behavior given by
the numerical model and failure of the experimental model is the same.
The important points are:
1. When the load is applied on only core, the value of the compressive load is higher than
when it is applied to the whole cross-sectional area.
2. The M20 specimen with the confinement of the steel tube can show the strength of almost
M60 concrete specimens.
1
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3. The numerical model is validated properly, and it can be used for further parametric
study.
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1. INTRODUCTION & OBJECTIVE

The GaN is a Ⅲ-Ⅴ semiconductor material with a wide range of energy bandgaps mainly used
in electronic devices e.g. LED. It is a crystalline material with a wurtzite (hexagonal) structure
having a piezoelectric response. The wurtzite structure is a transversely isotropic structure
with the c-plane (basal plane) being an isotropic plane. The deviation in the perfect crystal
structure can form point defects, line defects (dislocations) and surface defects. The
dislocations are formed due to atomic bond breakage, which results in the strain and charge
accumulation at the dislocation position. These mechanical and electrical fields of dislocations
can affect the overall response of the semiconductor materials. In order to study the behavior
of GaN electronic materials, it becomes necessary to analyze the electro-elastic fields of
dislocations. The dislocations on interaction with each other can form a dipole with two equal
and opposite dislocations. Depending on the relative position of the extra half plane, the
dislocation dipoles are classified as an extrinsic dipole or intrinsic dipole. In extrinsic dipole,
two extra half planes overlap with each other, while in intrinsic dipole, two extra half planes
do not overlap. In this work, an intrinsic dipole with two edge dislocations is considered for
analyzing the effect of different angles and distances between the dislocations of the dipole.
The numerical simulations are performed by an extended finite element method (XFEM),
which was first used by Gracie et al. (2007) for dislocation simulation. The XFEM uses
the enrichment functions for incorporating the discontinuity in the field variables. The
dipole dislocations are modeled as Volterra dislocations, which has displacement and
electric potential discontinuity along the glide plane. The discontinuity along the glide
plane is modeled with the Heaviside enrichment function. Earlier, Skiba et al. (2013) did not
consider the electric field discontinuity in electro-mechanical simulations of dislocations.
Therefore, this work extends their work by considering electric potential discontinuity
along the glide plane and the line charge at the dislocation core. The governing equations
for modeling this problem are given as,
Force equilibrium :  ij , j  f i  0
(1)

Charge equilibrium : Di ,i  qb

where, σij represents the mechanical stresses, Di represents the electric displacements, fi
represents the body forces and qb represents the body charge.
The constitutive equations for linear piezoelectric material are expressed as,
 ij  Cijlk  lk  elij ,l

(2)

Di  eilk  lk  eil ,l
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where, εlk represents the elastic strains and  ,l represents the gradient of electric potential.
The discrete equations from the corresponding weak form can be written as,
 K uu
 bu
 K
 K u
 
 K

K u
K b
K 
K 

K ub
K bb
K b
K  b

K u   u   f u 
   
K b   b   f b 
  
K       f 

K       f  

(3)

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The intrinsic dislocation dipole is shown in Fig. 1a with two edge dislocations of opposite
Burgers vector b and b'. The dipole dislocations are taken perfect dislocations with lattice
parameter a = 3.190 Å. Other parameters are used as, L = 100b, hy = L/8, ϴ = 15°- 90° and the
GaN material properties are taken from the reference (Mishra and Pak, 2016).
D (C/m2)
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0.146
0.137
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0.110
0.100
0.091
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0.055
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0.019
0.010
0.001

A
b

b'

B

ϴ
hx

hy

L

y

x
L

(b)
(a)
Figure 1: (a) The schematic of a square domain with an edge dislocation dipole and (b) the contour plot of the
electric displacement, D for dipole angle (ϴ) of 45°

The electric enthalpy density, H is calculated for different dipole angles (ϴ) and the results are
given in Table 1. The minimum value of H is obtained for ϴ = 45° that suggests the minimum
energy (stable) position of the dipole. A contour plot of the electric displacement, D for ϴ =
45° is also shown in Fig. 1b.
Table 1. The values of electric enthalpy density, H for different dipole angles (ϴ)
Dipole Angle (ϴ)
Electric enthalpy density, H (J/cm2)

15°

30°

45°

60°

75°

90°

49.3421

19.7842

7.4914

7.7768

9.9334

13.0731
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1. INTRODUCTION & OBJECTIVE

Non-uniform thickness plates are frequently used in the development of aviation structures.
These structures are often subjected to time varying loads. Therefore, the dynamic
characteristics of such plates remain an important task to the designer. Literature survey found
that most of the research work, in this area, is restricted to the plates of uniform thickness and
a very limited study is available on the vibration of plates having non-uniform thickness. For
example, Chopra [1] has attempted an exact solution for simply supported rectangular plates of
stepped thickness. Apparently, there was an unintended error in chopra’s work which
considered the same flexural stiffness for all the parts of the plate despite having varying
thickness. This was later amended by Guo et al. [2]. But the analysis method used, in Guo et al.
[2], is neither an accurate nor as efficients as the dynamic stiffness method (DSM) which has
been used in this study.
The present work implements DSM for the free vibration analysis of stepped thickness plate.
First-order shear deformation theory (FSDT) is used to obtain the governing differential
equations of motion. Considering Levy type plates, with the application of displacement and
force boundary conditions at relevant edges, the dynamic stiffness matrix is developed. Further,
to compute the natural frequencies, the well known wittricks-williams algorithm is applied [3].
Note that DSM is very similar to the finite element method (FEM). However, literature survey
shows that DSM frequency results are more accurate than the FEM. Convergence of the solution
in FEM is based on the number of elements taken into account which sometimes compromises
the accuracy of the outcome. On the contrary, DSM is formulated based on the exact shape
functions [4]. It consists of the dynamic stiffness matrix which mainly comprises of mass and
stiffness properties of the elements and is frequency dependent. Because of its superior
modelling capacity, DSM is more computationally efficient and exact [5].
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

The procedure summarized above for the DSM has been implemented in a MATLAB program
and natural frequencies of the stepped plates are calculated. Table 1 compares the first eight
non-dimensional natural frequencies of both double and single stepped plates, as shown in Fig.
1, for different Levy type boundary conditions. It can be seen that the DSM result shown in
Table 1 is in accordance with the result given in Boscolo and Banerjee [3]. It also consists of
the comparison of the natural frequencies calculated using first-order shear deformation theory
(FSDT) and classical plate theory (CPT) for a different step plate configuration [2]. The plate
material is taken to be aluminum with E=71.2 GPa, 𝜗=0.3 and 𝜌=2700𝑘𝑔/𝑚3.
____________________________
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(a)

(b)

Fig. 1. Schematic of stepped plates considered in this study. (a) A double stepped plate adopted from Boscolo and
Banerjee [3], (b) A single stepped plate adopted from Guo et al. [2].
3
⁄(12 (1 − 𝜗 2 )) ), for
Table 1. Nondimensional natural frequencies (𝜔∗ = 𝜔/𝐿2 √𝜌ℎ𝑚𝑖𝑛 /𝐷, with 𝐷 = 𝐸ℎ𝑚𝑖𝑛
stepped thickness plates with various Levy type boundary conditions: 𝑏/L=1 and 𝑘=5/6.

Natural frequencies for double stepped plate

mode

S-S-S-S
Present

S-C-S-C

Ref [3]

Present

Ref [3]

Natural Frequencies for single stepped plate

S-S-S-S
Ref [2]
(CPT)

Present
(FSDT)

S-F-S-S
Ref [2]
(CPT)

Present

S-C-S-C
Ref [2]

Present

(FSDT)

(FSDT)

(FSDT)

(FSDT)

(FSDT)

(CPT)

(FSDT)

1 1

3154.620

3154.61

4247.363

4247.36

3753.10

3558.934

2350.38

1792.216

5461.54

4862.734

1 2

7339.710

7339.71

8395.518

8395.51

9407.59

8359.579

6092.17

4761.792

10471.4

8981.277

2 1

7704.140

7854.54

9416.912

9416.91

9544.23

8429.089

6992.35

7708.020

13373.9

10658.60

2 2

11433.49

11433.49

12775.79

12775.79

15118.80

12618.73

11766.71

9699.534

18049.8

13994.36

1 3

13481.87

13481.87

15716.37

15004.08

18099.77

14965.95

13826.26

10155.65

19032.1

15721.31

3 1

15861.81

14698.52

15939.68

15939.68

18325.38

15712.60

14711.67

14548.05

23958.9

17358.40

2 3

17404.82

17404.82

18475.41

18475.41

24315.18

18834.96

19471.93

15925.22

26924.6

19766.28

3 2

17630.01

17630.01

19298.84

19298.84

24867.18

19042.10

21112.52

16587.90

29201.2

20540.65

The natural frequencies of stepped plates were calculated by Chopra [1] and Guo et al. [2] using
classical method which is based on CPT. However, in this work, DSM has been used to study
the free vibration characteristics of various stepped plates using FSDT and it has been shown
that the reported results are more accurate compared to the available published results.
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1. INTRODUCTION & OBJECTIVE
There is growing appreciation for composites in sectors such as aerospace and marine and are
found to replace many conventional materials in recent times. There are variety of
manufacturing methods for composite part production and they invariably effect its laminate
characteristics such as fiber volume fraction. In this work Hand-layup method with and
without vacuum bagging supports are taken up and laminate properties in symmetric and
asymmetric configurations are evaluated for ILSS (interlaminar shear strength) and flexural
test. The laminate is prepared using glass fiber (PW) as reinforcing agent and epoxy as matrix
material and laminate stacking sequence are kept (ɸn/Ɵ2n/ɸn//ɸn/Ɵ2n/ɸn) and
(Ɵn/ɸ2n/Ɵn//ɸn//Ɵ2n/ɸn) for symmetric and asymmetric layup respectively. The laminates so
formed are quasi-isotropic in nature and its bending-extension stiffness matrix is zero. It is
seen that bagging support enables in increasing fiber content of the order of 10.90-20.83%.
This increase in fiber volume fraction decreases ILSS properties by 31.82 and 77% for
symmetric and asymmetric layup respectively. The corresponding flexural properties on the
other hand falls by 54.36 and 9.49 % respectively. It appears that beyond a specific fiber
volume fraction, material properties degrade hence implies significance of maintaining fibervolume percentage in the component. This also signals inability of fiber to maintain its
position as well the load bearing capacity in lack of matrix material. The work although
reports indistinguishable role of stacking sequence on these properties as the chosen
procedure develops a large variation in fiber volume fraction of the order of 4.91-12.72%.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
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Fig. 1) Effect of variation in fiber volume fraction on (a) Interlaminar shear strength and (b)
Flexural strength.
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Fig. 2) Effect of stacking sequence variation on (a) Interlaminar shear strength and (b)
Flexural strength.
REFERENCES

1. Biswas, S., Deo, B., Patnaik, A. and Satapathy, A. Polym Compos, 32 (2011), 665-674, Effect of fiber
2.
3.
4.

loading and orientation on mechanical and erosion wear behaviors of glass–epoxy composites.
doi:10.1002/pc.21082.
Lin, T., Jia, D., Wang, M. et al. Bull Mater Sci, 32 (2009), 77-81, Effects of fibre content on mechanical
properties and fracture behaviour of short carbon fibre reinforced geopolymer matrix composites,
https://doi.org/10.1007/s12034-009-0011-2.
Hamidi YK, Dharmavaram S, Aktas L, Altan M. ASME. J. Eng. Mater. Technol.131 (2009), 021014021014-11. Effect of Fiber Content on Void Morphology in Resin Transfer Molded E-Glass/Epoxy
Composites. doi:10.1115/1.3030944.
O.I Okoli, G.F Smith, Compos. Struct, 48 (2000), 157-161.The effect of strain rate and fibre content on the
Poisson’s ratio of glass/epoxy composites, https://doi.org/10.1016/S0263-8223(99)00089-6.
Indian Institute of Technology Kharagpur

2|P age

1st Online International Conference on Recent Advances in Computational and Experimental
Mechanics September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/AM-20-050

Fre e vibration analysis of S-FGM plate s re sting on e lastic
foundation by using the dynamic stiffne ss me thod
Subodh Kumar1a, Sachin Kumar Singh1a1, and Prasun Jana1b
a

Mechanical Engineering, Indian Institute of Technology (Indian School of Mines), Dhanbad - 826004, India
b
Aerospace Engineering, Indian Institute of Technology, Kharagpur- 721302, India

1. INTRODUCTION & OB JEC TIVE

Functionally graded material (FGM) is microscopically nonhomogeneous material and it is
usually made from appropriate mixing of two constitute materials such as metal and ceramic.
This new material has successfully resolved the debonding and delamination issues that occur
in traditional composites due to its gradual variation of material properties along one or more
than one in desired directions [1]. In this particular work, FGM plates resting on elastic
foundations are considered which find applications in mat foundations of buildings, raft,
reinforced concrete pavements of airport runways, and concrete roads etc.
In this study, the dynamic stiffness method (DSM) is implemented for the free vibration
analysis of the sigmoid functionally graded material (S-FGM) plates supported on the elastic
foundation. In S-FGM plates, the variation of the material properties along the thickness
direction is assumed to be based on sigmoid function. Both Pasternak (Kp ) and Winkler (Kw)
elastic foundations are considered in the analysis. It can be noted that the DSM is a robust,
useful and an elegant alternative method to finite element method (FEM) and provides more
accurate, reliable and efficient results [2]. In contrast to the FEM, a frequency dependent
single matrix and corresponding dynamic stiffness element containing both inertia and mass
properties is obtained from the analytical solution of the governing differential equation of
motion. This method eliminates the discretisation error, as often occurs in FEM and other
numerical methods. Thus, the DSM has better modelling capabilities than the FEM because it
is based on the exact shape functions. The concept of DSM has been established long back
and many authors implemented this method for solving different structural problems [3].
A thorough investigation of published literature found that, to the best knowledge of authors,
no work has adopted DSM for free vibration analysis of S-FGM plates supported on elastic
foundation. Thus, in this paper, the DSM is implemented for the first time to know the free
vibration behaviour of S-FGM plates resting on elastic foundations. Classical plate theory
together with the concept of physical neutral surface of the FGM plate is used to formulate the
governing differential equation of motion and natural boundary conditions through Hamilton’s
principle. The effect of rotary inertia is taken into account for better accuracy. The dynamic
stiffness (DS) matrix is developed for Levy type S-FGM plates by solving the equation of
motion with appropriate displacements and forces boundary conditions at the edges of the
plate. The DS matrix is solved by using Wittrick-Williams algorithm [4] to obtain the free
vibration response in a very efficient manner. The frequency results obtained from DSM is
more accurate within all frequency ranges of interest and can be used as benchmark solutions.
2. RESULTS & HIGHLIGHTS OF IM POINTANT POINTS
In this study, the mechanical properties of the ceramic/metal (Al2O3/Al) constituents for the SFGM plate are adopted from Jung et al. [5]. Table 1 shows the comparison of the
nondimensional frequency (  = ωh ρm / Em ) results obtained using the DSM with the reference
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results for simply supported S-FGM square plates. In this table, the frequency results are
shown for four sigmoid volume fraction indices (p = 1, 2, 5, 10), two thickness to length ratios
(h/a = 0.05 & 0.01), Kp=0, 100, and Kw=0, 100. The comparison shows that the present
frequency results are in excellent agreement with the published results.
Table 1: First nondimensional frequencies (  = ωh ρm / Em ) of simply supported (SSSS) square S-FGM plates
resting on elastic foundation.
h/a
p=1
p =2
p =5
p =10
Sources
Ks
Kw
0

0.0

0.05
0.01

0

100

0.05
0.01

100

0

0.05
0.01

Present DSM
Ref.[5]
Present DSM
Ref.[5]
Present DSM
Ref.[5]
Present DSM
Ref.[5]
Present DSM
Ref.[5]
Present DSM
Ref.[5]

8.9380
8.8859
8.9570
8.9549
15.1479
15.1177
15.1802
15.1789
9.3523
9.3025
9.3722
9.3702

8.4516
8.4080
8.4704
8.4686
14.8652
14.8409
14.8982
14.8972
8.8885
8.8471
8.9083
8.9066

8.0150
7.9786
8.0334
8.0319
14.6206
14.6010
14.6541
14.6533
8.4744
8.4400
8.4938
8.4924

7.8812
7.8469
7.8995
7.8981
14.5474
14.5292
14.5811
14.5804
8.3480
8.3156
8.3673
8.3660

Figure 1 presents the mode shapes of square FGM plates for two different cases. It is also
noted that the variations of Kp and Kw influences the natural frequencies of the plates however
does not influence the mode shapes.

(a)

(b)

Fig. 1: Plots of mode shapes of square FGM plates: (a) SSSS edge condition; 4th mode (m=2, n=2) and (b)
SCSF (Simply supported, Clamped, Simply supported, and Free) edge condition; 3rd mode (m=2, n=1).

It can be observed, from the results obtained using DSM, that both Kp and Kw increase the
natural frequency of rectangular S-FGM plates. However, the influence of Kp in the increase
of the natural frequency of S-FGM plates is more compared to the influence of Kw.
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1. INTRODUCTION AND OBJECTIVE
Currently, advanced composite materials are extensively used in many engineering fields where good
mechanical properties are required in combination with weight savings. The accurate prediction of
the fracture plane of composite structure subjected to transverse compression loading has been a
mysterious task due to the complexity of the failure mechanisms involved. Even though, various
phenomenological and physically based models have been proposed by researchers, whose input
parameters have to be obtained through costly and time-consuming experimental campaigns for each
material system [1-2]. The outputs obtained for a given unidirectional fiber reinforced composite system
cannot be directly extrapolated to other configurations with different fiber volume fraction or constituent
properties, thus, it leads to a large investment for their physical characterization. This is the case of
material qualification for the aerospace industry, where the whole process can last well more than years
due to the required experimental tests under different conditions.
This work provides a micromechanics based numerical simulations techniques on Representative
volume element (RVE) of a composite to predict homogenized properties, and to determine the fracture
plane of the composite subjected to transverse compression loading. A random RVE microstructure in
is considered for the demonstration of the technique from the work by koley et la. [3]. The result obtained
from analysis is in close agreement with experimental data [4], and provides the necessary input data for
meso-mechanical analysis at the lamina and laminate level.

a. Sections of RVE: (x=-2.5, x=0.0, x=2.5)

a

b. Section at x=-2.5
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c. Section at x=0.0

d. Section at x=-2.5

Figure 1: Determination of fracture plane of composite subjected to transverse compression loading.

2. RESULTS & DISCUSION
The average value of fracture plane angle under transverse compression of the material under analysis is found to
be 56.340 at a section x=0.0 and is in good agreement with Gonzalez and LLorca [5].
Table 1: Comparison of effective properties from recent micromechanical homogenisation analysis and
experimental value according to Soden et al. [2] and Koley et al. [3].
Elastic
Property
E1 (Mpa)
E2 (Mpa)
E3 (Mpa)
Nu12
Nu13
Nu23
G12 (Mpa)
G13 (Mpa)
G23 (Mpa)

Exp.
Soden et al [2]
138000
11000
11000
0.28
0.28
0.4
6600
6600
4296

Standard Mechanics approach (current work)
Average Stand Mech
Stand Mech Variation
137469.6
0.384 %
9133.343
16.969%
9119.053
17.099%
0.251544
10.162%
0.252199
9.929%
0.292734
26.816%
5980.852
9.381%
5986.996
9.287%
3619.572
15.745%
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1. INTRODUCTION & OBJECTIVE

Steel fibre reinforced concrete (SFRC) is being used in various structural work because of its
various good aspect. As unreinforced concrete have low tensile strength and toughness and
reinforced concrete with reinforcement bar have tensile strength but are not economic. The
incorporation of steel fibre in concrete matrices, not only reduce the labour cost but also enhance
post cracking strength, ductility and shear strength. The usuage of steel fibre has been increased in
past few years as the ACI building code [ACI 318] suggested that the steel fibre can be used in
place of minimum shear reinforcement. Also with the help of experimental investigation several
analytical model for shear strength have been proposed by researchers based on various
approaches.
To have better understanding of shear capacilty of SFRC beams a mechanical model is
developed by modifying the Critical Shear Displacement Approach (CSDA) model by Yang
[2016] for Reinforced Concrete (RC) beam. The CSDA model is based on the shear resisting
mechanism. In the modified model for SFRC beams. The contribution of steel fibre is taken
from Singh and Jain [2014] model. Therefore the modified model will give the separate
contribution of concrete, aggregate interlocking, dowel action and steel fibre in shear strength
of SFRC beams.
The CSDA model is based on assumption that the unstable development of a flexural shear
crack in the shear span is triggered when the shear displacement of an pre existing flexural
crack reaches a critical value. For SFRC beams without stirrups, the shear force is transferred
at the crack cross-section by four shear resisting mechanism: the direct shear transfer through
the compressed concrete (Vc), the aggragate interlock (Va) , dowel action by reinforcing bars
(Vd) and the bridging action of fibre (Vf).

V = Vc + Va + Vd + V f

(1)

The simplified expression for contribution of concrete which was proposed by Morsh in
[1909]:
Vc =

d − scr
2 zc
V=
V
d + 0.5scr
3 z

(2)

Va represent the generalized expression for aggregate interlock proposed by Walraven [1981]
which was further smiplified by considering rectangular cross-section and compressive
strength (fc) upto 60 MPa.
Va = f c0.56 scr b

0.03
(−978 2 + 85 − 0.27), with wb  0.04mm
wb − 0.01
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It is assumed that at failure, the maximum dowel force has been achieved or reached.
Therefore the equation proposed by Baumann and Rusch [1970] for maximum dowel force
applies:
(4)

Vd = 1.64bn 3 f c

The contribution of fibre which has been proposed by Singh and Jain [2014]:
V f = 0.5 D f V fr

lf
df

(5)

b ( d − c ) cot 

The angle of inclination (α) is the angle of critical shear crack and 300 is recommended for
conservative prediction.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The experimental results from the database is collected and the shear capacity from the above
models is predicted. The database consists of SFRC beams without stirrups with a/d ≥ 2 i.e.
slender beams, there is only limitations for concrete compressive strength (fc) ≤ 60 MPa and
the other parameter like longitudinal reinforcement ratio, fibre volume fraction e.t.c. may
vary. The range of variable collected from the experiment are tabulated in table 1.
Table 1. Range of parameters from the database.
fc, MPa

b, mm

d, mm

ρ ,%

Vfr

lf /df

a/d

Min.

17.8

55

197

0.38

0.25

45

2.5

Max.

59.87

310

923

4.31

3

100

4.5

The shear capacity predicted with the model is calculated iteratively by using a Matlab script.
Table 2 shows the result of the ratio of the experimental shear capacity to predicted shear
capacity (Vexp/Vpre). Table shows that the predicted results is in good correlation with the
experimental results and have conservative prediction.
Table 2. Experimental to predicted shear strength
Vexp/Vpre

Average

Standard Deviation

Coefficient of variation

0.93

0.26

27.90
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1. INTRODUCTION & OBJECTIVE
In beam bending problems it is often advantageous to use a moment-curvature based approach
instead of a stress-strain law. Such approaches are all the more important in non-linear
bending problems. The non-linearity may be due to material or geometry or both. As the
governing field equation in such cases is non-linear, a stress-strain based approach leads to
less intuitive formulation for an engineer. Additionally, in thin beam problems, bending
deformation governs the overall response and hence, moment-curvature based approach leads
to a simple yet reasonably accurate formulation which is desirable especially from a design
engineering point of view, [1], [2].
The above discussion is almost identically true for a structural problem where the torsion
induced deformation governs the overall response. In the torsion problem, the
moment-curvature relationship is replaced by the torque-twist relationship. It may be noted
here that twist is the rotation angle of the cross section per unit length measured along the
longitudinal axis. In a structural problem where twist is non uniform, curved and which
undergoes large deflection leads to a problem whose analysis becomes considerably
complicated. Additionally, if elasto-plastic deformation is encountered in such a large
deformation problem, the solution method becomes even more complicated and we end up
resorting to only commercial FEM [3], [4].
In this article, we present a simple yet reasonably accurate formulation to obtain a torque-twist
based relationship. Such relationship can be inserted in a formulation that solves a torsion
governing structural problem. The structural problem can be generic enough to include
non-linear effects due to material or geometry or both.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

The method of obtaining the torque-twist relationship may be explained with the help of Fig.
1. In Fig. 1 a circular cross section of the member under torsion is considered. In this method,
it is assumed that the section is divided into a finite number of imaginary annular layers of
uniform width. The dotted curve inside two solid curves of a layer, indicate the centroidal
curve of the particular layer. It is proposed that the shear stress and strain relationship holds
true only at the centroidal curve. Hence, due to increment of twist which is uniform in the
cross section, each and every layer will experience increment in shear strain. Now, increment
in shear strain to increment in shear stress is material law that must be given. So that, the
increment in shear stress is computed from the material law. Following this, the increment in
torque about the longitudinal axis, arising from a particular layer is computed by numerical
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integration. Finally, all such increment in torque from each layers are numerically summed
over the entire cross section to yield the increment in total torque to due to the increment of
Figure 1. Cross section of a circular shaft showing the imaginary annular layers of uniform width

twist. Evidently, the scope is limited to circular cross-section to remain circular after
deformation under small strain condition admitting finite rotation. It may be noted here that
one of the major advantages of the method described here is that, during plastic reverse
loading, accurate response of the structure can be obtained without imposing any ad-hoc
condition on the torque-twist model.
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1. INTRODUCTION & OBJECTIVE

Composite structures are those having very much importance in construction sector. Among
these steel-concrete composite beams have been used for considerable time in bridge and
building construction. The efficiency of such beams are because of the fact that concrete is
good in compression and steel is good in tension. The composite action between these two
materials is obtained by means of mechanical connectors called as shear connector. This paper
presents a numerical study on channel type shear connector embedded in concrete block
which is attached to I beam. The study is conducted by using the software, Ansys workbench
16.1 Main objective of the study is to conduct various analysis on channel type shear
connector by providing perforations and perfobond ribs and also by changing the dimensions
of various parts of the specimen. From this the specimen with highest performance is
obtained. Provision of perforations and ribs makes large increase in the load carrying capacity
of channel type shear connector and the shear stiffness is also increasing.
The studies showed that, making modifications in channel type shear connector increases the
loading capacity from 5-6%. The deflection is found to be reducing while providing holes and
ribs and the rate of stiffness degradation decreases. About 43% increase in shear stiffness is
shown by the connector while increasing the length. From the analysis connector fracture
mode of failure is observed. From the study it can be concluded that, the channel type shear
connector performs more as compared to some other types of shear connectors.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
A structural system incorporating steel–concrete composite beams has been used widely for
various construction. The efficiency of the whole structure depends on the bonding between
steel and concrete. So that shear connectors plays a very important role in this attempt.
Channel type shear connector with perforations and perfobond ribs contributes a lot to achieve
these requirements. The overall performance analysis of the study can be concluded as
follows:
Shear connectors with perforations and perfobond ribs shows better performance than the
normal type. From the analysis, the model provided with single perforation have 2% increased
load compared to the standard specimen and those specimen supplied with rib make 4%
increase in loading capacity. The deflection is found to be reducing so that stiffness of the
component rises. But increasing the number of holes and provision of ribs through them does
not increases the strength of the material.
From the analysis of the model with increased length of 3% shows about 2% increase in
loading capacity. Also the deflection reduces and shear stiffness increases by 43%. This
shows that while increasing the length of the connector the area for load distribution increases
and thus the component can bear more loads.
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Increasing the connector length subsequently led to increase the shear capacity. The shear
strength of the connector can be conveniently increased further by adding perforations and
ribs through them. The model designed with increased length and provided with single
perforation shows an increase of loading capacity by 4% and those designed with increased
and perfobond rib shows an increase of 6%. There is simultaneous increase in shear stiffness
as the deflection of the specimen decreases. But increasing the number of perforations and ribs
does not contribute for strength increment
Increasing the rib diameter also makes favourable conditions to enhance the shear capacity.
Around 3% increase in loading capacity can be seen in such shear connectors. It is also found
that the shear stiffness is increasing as there is reduction in deflection of the component.
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1. INTRODUCTION & OBJECTIVE

I-Beams are steel structures widely used in construction industry. It is an important part of any
type of construction. I-Beams are commonly made of structural steel. Different sizes of IBeams are required depending on various light and heavy applications. In steel constructions,
when beams are connected to girders at the same elevation, beam flanges must be coped to
provide sufficient clearance for proper attachment. In typical steel structures such as building
frames and steel bridges, the same elevation of beam or girder flanges at member intersection
is often required to facilitate the fabrication of flooring, decking and ceiling systems. In this
case, part of the flange of secondary beams often needs to be coped at the beam ends in order
to avoid interference of the connected structural members at these junctions. Depending on the
structural and architectural requirements, one flange (normally the top) or both flanges of the
beam and the affected part of the web need to be removed.
In this study,using the software ANSYS 16.1,numerically studied the structural behaviour and
local web buckling behaviour of stiffened single coped beam with slender web. Slender web
coped beams are used in long span structures. The presence of cope exposes the risk of local
web buckling failure. It mainly affects the strength and load carrying capacity of beam. This
study discusses the effectiveness of various stiffeners strategies aiming to increase load
carrying capacity and reducing the local web buckling of single coped beams. Various
stiffener strategies like horizontal, vertical and combination of both stiffeners in the coped
region are used. The effects of various stiffeners types with varying slenderness ratio, cope
depth and cope length are discussed in detail. And the stiffened beams are compared with the
unstiffened coped beams.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Compared with unstiffened specimens, the stiffened specimens have high load carrying
capacity, high local web buckling resistance and high strength. The performance analysis of
the study can be concluded in the following ways:
When comparing unstiffened and stiffened specimens, the stiffened specimens have
high load carrying capacity than unstiffened specimens. Horizontal, vertical and combined
stiffeners are more effective. In specimen with small slenderness ratio the combination of
horizontal and vertical stiffeners have 40% higher load than unstiffened specimen. Specimen
with large slenderness ratio the combination of horizontal and vertical stiffeners have 66%
higher load than unstiffened specimen. So combination of horizontal and vertical stiffeners are
more suitable in slender web coped beams.
When taking stiffened coped beam with different slenderness ratios, the smaller
slender web beams shows high load carrying capacity and high web buckling resistance.
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Using horizontal, vertical and combined stiffeners the local web buckling is more in larger
slenderness ratio specimens. As the slenderness ratio increases, the load carrying capacity of
the specimen is decreases in stiffened specimens.
Using horizontal, vertical and combined stiffeners slight changes in the load decrement
with increasing cope depth. Compared with unstiffened specimen the combined stiffened
specimen carrying higher load with increasing cope depth. In large cope depth specimen the
combination of horizontal and vertical stiffened specimen is more useful.
When taking unstiffened and stiffened coped beam with different cope length, the
load capacity is decreased with increasing cope length. Combination of horizontal and
vertical stiffened specimens have 70% higher load than unstiffened specimens in larger cope
length. So, combinations of horizontal and vertical stiffeners are more effective in case of
larger cope length specimens.
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1. INTRODUCTION & OBJECTIVE
Concrete structures are in a process of gradual deterioration hence require routine maintenance[1].
Non-destructive testing is a very important tool to assess the condition of an existing concrete structure
and they impart none or very insignificant damage to the concrete structure. On time assessment of
structural distress is also important so that proper retrofitting measure can be taken to prevent preterm
failure of structure[2]. Ultrasonic pulse velocity testing is one of the NDT method used to inspect the
quality and homogeneity of concrete[3]. An ultrasonic wave (frequency more than 20Hz) is made to
pass through a concrete and time of flight is recorded. The wave velocity is directly related to the
strength of the concrete. UPV is also used to find the elastic modulus of a material. The wave
propagation in a material depends upon many factors such as surface condition, moisture content, path
length, temperature, reinforcement bars and stress [4]. Ultrasonic pulse velocity can be potentially used
to evaluate the stress state of a member. This method for evaluation of stress is based on theory of
acoustoelasticity. This method based on acoustoelasticity is harmless and advantageous as it can be
used on real structures without and pre-treatment.
Theory of acoustoelasticity: Stress dependency of a mechanical wave is known as acoustoelasticity.
Acoustoelastic effect refers to the change in propagation velocities of ultrasonic waves when a nonlinear elastic solid is subjected to stress or strain [2]. On the basis of Murnaghan’s theory of finite
deformation and non-linear elasticity[5] equations representing acoustoelastic effect were developed
by Hughes and Kelly[5].The velocities of waves derived are as follows.
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density of material, K is bulk modulus,  is lame’s first parameter, G is dynamic shear modulus,
l,m,nare murnaghan’s constant.

The eqs. (1)-(5) when linearized at first order results in eqs.(7)[7].

Vij  Vij0 ( Aij 11  1)

Aij

is the acoustoelastic constant and depends on Murnaghan’s constants(l,m,n) and

coefficient(  , G ).

6
lame’s

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The velocity of ultrasonic wave propagation in a material was found to be stress dependent, however
the dependency varied as the direction of propagation changed with respect to the direction of loading
following points were observed in this study
1. At low stress levels fron 15% to 45% of ultimate load the wave velocity increases due to
closure of microcracks and the material particles comes closer to each other, at stress
levels from 45% to 75% the velocity remains almost constant (very slight increase) as the
microcracks are generated, at stress level above 75% the wave velocity drops drastically as
microcracks develop into macro cracks.
2. The wave volociy measured was found to be in good accordance in Kaiser effect(stress
memory effect)
3. Occurrence of microcracking initiates soft bond within the deformed material structure
and hence increases elastic nonlinearity [8].
4. The acoustoleastic effect in concrete is 10 times more that that was observed in steel[9].
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1. INTRODUCTION & OBJECTIVE

Hollow steel sections filled with concrete are extensively used as a structural system in the last
few decades. Concrete filled steel tublar columns (rectangular, square, or circular) are some of
the most common structural used due to its strength, ductility, inward buckling resistance, and
economy. The cross-section of concrete filled tube generally used for low to medium high-rise
buildings due to longitudinal crack near column ends.The critical section in a column having
both ends need to be designed with the extra thickness or by any means to reduce critical
failure. To reduce this failure FRP wrapping at critical section tends to an economical and
lightweight structure having more advantages in the seismic zone (Hu et al. 2011; Chen et al.
2012). FRP can be used at both construction stages and to strengthen the existing structure
same as RC structure. The filling of concrete in the hollow section aid in the inward buckling
of the column.
In the past, extensive studies have been conducted on conventional concrete-filled carbon steel
columns and their behavior has been well understood. Since the material behavior of stainless
steel is different from that of conventional carbon steel, some recent studies have been carried
out to investigate the behavior of Concrete filled steel tube (CFST) and concrete filled
stainless steel tube (CFSST) members and joints. This is necessary to allow the development
of any rational design guidelines for this type of innovative composite structure. (Han et al.,
2019; Wang et al., 2019).
This paper extends the comparative study of economy and strength of CFST, concrete-filled
double skin steel tubular (CFDST), CFST and CFDST with FRP arrangements.The Standard
approach of determining ultimate strength, various theory of mechanics and codal approach
provides some definite formulas. To determine the ultimate strength of CFDST column as per
ACI code 318 with fundamental mechanics having parameters of concrete fc and Ac are
compressive strength and cross-section area of concrete, fsyi and Asi are yield strength and
cross-section area of inner steel tube, fsyo and Aso are yield strength and cross-section area of
the outer steel tube is expressed as:
𝑃𝑢 = 𝑓𝑠𝑦𝑜 𝐴𝑠𝑜 + 𝑓𝑐 𝐴𝑐 + 𝑓𝑠𝑦𝑖 𝐴𝑠𝑖

(1)

The confinement effect was not considered in abaove equation so based on theory of unified
for CFST, given by professor Zhong Shan-Tong (1993).The coefficient of confinement (ξsc)
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with different parameters such As , Ac and Acf are cross sectional area of steel tube, concrete
and CFRP respectively, fs, fcf and fc are yield strength of steel tube and CFRP, compressive
strength of concrete respectively, ks , and kcf are consideration of section forming of confining
materials:
ξ𝑠𝑐 =

𝑘𝑠 𝐴𝑠 𝑓𝑠 + 𝑘𝑐𝑓 𝐴𝑐𝑓 𝑓𝑐𝑓
𝐴𝑐 𝑓𝑐𝑘

(2)

Above equation is generallised equation considering concrete core confinement and effect of
CFRP confinement on column with definite coefficient.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
1. Based on the above equations axial strength of composite column for different crosssectional shapes and geometrical shapes with various arrangements as double skin single
skin column, change in placing of materials in cross-sections and economical section can
be determined.
2. It is found that the ultimate strength of CFDST column can achieve the strength of 3500
kN with an outer and inner optimized diameter of 220mm and 100mm respectively with
steel yield strength of 415MPa and concrete compressive strength (fc) as 40MPa having
slender in length.
3. The CFDST column can also be used in high seismic zones due to more absorption of
energy and where uplift pressure is very high.
4. It is also observed that outer CFRP has more strength and confinement effect than an inner
layer of CFRP with reduced compressive strength of concrete.
5. Many Finite element analysis (FEA) tools available can help to verify the experimental
results and more reliable to provide results of new model without doing much
experiments.
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1. INTRODUCTION & OBJECTIVE

Self weight reduction up to 35% leads to the use of bubble deck slabs to a great extent in the
recent construction technology. Previous studies shows, the flexural strength of such slabs
have no significant changes due to the introduction of voids. In variance, the punching
strength of bubble deck slabs shows a considerable drop. This paper offers various
strengthening mechanism against punching shear in bubble deck flat slabs.
The study has been carried out, in which radial arrangement of steel sheet in the interior of
slab are modelled and analysed by varying the thickness of sheet of 0.8 mm, 1 mm and 1.2
mm. Studies also includes the effect of the use of glass fibre plastic balls as voids and the
influence of diameter of voids by maintaining the ratio of diameter of voids to the depth of
slab as 0.5. A combined study on the effect of steel sheet in radial arrangement along with
glass fibre plastic ball voids has been performed. Finite element analysis (FEA), ANSYS
workbench 16.1 shows, the punching resistance, load carrying capacity and crack reduction is
superior with increase in thickness of steel sheet in radial arrangement of steel sheets along
with glass fibre plastic ball as voids. The study was carried using twelve models such as:
RST0.8, RST1, RST1.2, GST0.8, GST1, GST1.12, D45ST0.8, D45ST1, D45ST1.2, RGST0.8,
RGST1, RGST1.2. These models are modeled and analysed against punching shear. The
improvement in the punching resistance of these models are compared with the standard
models like SST0.8, SST1, SST1.2
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The effect of radial arrangement of steel sheets, provided in the bubble deck flat slab structure
shows that the specimen RST1.2 have maximum load carrying capacity and the minimum
crack formation and extension after initial crack while comparing with specimens RST0.8 and
RST1. The improvement in specimen RST1.2 is mainly due to the equal distribution of steel
sheets which can take up the slab shear strength.
The effect of glass fibre plastic balls as voids, provided in the bubble deck flat slab structure
shows that the specimen GST1.2 have maximum load carrying capacity while comparing with
specimens GST0.8 and GST1. But specimen GST1 shows the minimum crack formation and
extension after initial crack while comparing with specimens GST0.8 and GST1.2. The
improvement in specimen GST1.2 is mainly due to the high strength properties of glass fibre.
The influence of diameter of voids as 45 mm by maintaining the ratio between the diameter of
voids to the depth of slab as 0.5, provided in the bubble deck flat slab structure shows that the
specimen D45ST1.2 have maximum load carrying capacity and the minimum crack formation
and extension after initial crack while comparing with specimens D45ST0.8 and D45ST1. The
improvement in specimen D45ST1.2 is mainly due the proper bonding between voids and
concrete.
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The effect of radial arrangement of steel sheets along with glass fibre plastic balls as voids
provided in the bubble deck flat slab structure shows that the specimen RGST1.2 have
maximum load carrying capacity and the minimum crack formation and extension after initial
crack while comparing with specimens RGST0.8 and RGST1. The improvement in specimen
RGST1.2 is mainly due to equal shear distribution among sheets and also due to the high
strength characteristics of glass fibre.
The radial arrangement of steel sheets instead of orthogonal arrangement provide better load
resistance and limited crack expansion.
The increase in load carrying capacity by using the radial arrangement of steel sheets is about
17.081%.
The use of glass fibre plastic balls instead of normal plastic balls increases ultimate load by
about 12.419%.
The change in the diameter of voids by maintaining the ratio between diameter of balls and
depth of slab (D/H) is effective for improvement in the punching action of bubble deck flat
slab by about 8.70%.
The punching behaviour of bubble deck flat slab is found to be effective by increasing the
thickness of steel sheets.
The arrangement of steel sheet in radial manner along with the use of glass fibre plastic balls
as voids enhances the strength of bubble deck flat slab to greater extent by about 19.226%.
Strengthening of bubble deck flat slab by the recommended techniques controls crack
propagation after the initial crack.
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1. INTRODUCTION & OBJECTIVE

The built-up box sections are formed through two identical lipped channels connected at their
flanges with self-drilling screws. CFS built-up box sections are used in CFS construction due
to the advantages of high load-carrying capacity, stability, and higher moment of inertia, when
compared to the back-to-back built-up CFS channel sections In such an arrangement,
independent buckling of the individual channels is prevented by the screws. In this study,
cold-formed steel built-up columns with and without stiffeners are modelled and analyzed
using ANSYS. Local buckling stress could be enhanced by adding intermediate web
stiffeners. All the analytical models have been subjected to axial loadings. In this study the
axial load response of cold-formed steel built-up column with horizontal stiffenrs, inward
rectangular web stiffeners and outward inclined web stiffeners are analyzed.
The study has been carried out, in which cold-formed steel built-up columns of 1500mm
length, 1000mm length and 500mm length with and without different types of stiffeners are
modelled and analysed.In this study three types of stiffeners are used horizontal
stiffeners,inward rectangular web stiffeners and outward inclined web stiffeners And also by
varying the thickness of cold-formed steel built-up box long columns of 1 mm, 1.5 mm and
1.9 mm. Studies also includes the effect of the lip length on unstiffened cold-formed steel
built-up box long ,intermediate and short columns(1500mm,1000mm,500mm ). A study
conducted according to the effects of fasteners spacing on web stiffened cold-formed steel
long columns by varying fasteners spacing of 100mm,150mm and 300mm. A comparative
study between CFS built-up box columns with and without stiffeners with respect to axial
loading has been carried out .Finite element analysis (FEA), ANSYS workbench 16.1 shows,
the load carrying capacity is superior with increase in thickness of stiffened built-up box
columns. The study was carried using twenty four models. These models are modeled and
analysed against axial loading.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The cold-formed steel built-up column with stiffeners showed better performance when
compared with unstiffened CFS built-up box columns. Outward inclined web stiffened
columns showed higher load carrying capacity than other stiffened columns used in this
study.
In the case of CFS built-up column with horizontal stiffeners,CFSbuilt-up box long column
with horizontal stiffeners show 6.2% higher load carrying capacity than unstiffened CFS builtup box long column.CFS built-up intermediate column with horizontal stiffeners show 5%
higher load carrying capacity than unstiffened CFS built-up box intermediate column. CFS
built-up short columnwith horizontal stiffeners show 7.6% higher load carrying capacity than
unstiffened CFS built-up box short column.Here 2 horizontal stiffeners are provided in one
channel section and this horizontal stiffeners stiffen the flange of columns.
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In the case of CFS built-up column with inward rectangular web stiffeners,CFSbuilt-up box
long column with inward rectangular web stiffeners show 15% higher load carrying capacity
than unstiffened CFS built-up box long column.CFS built-up intermediate column with
inward rectangular web stiffeners show 10.8% higher load carrying capacity than unstiffened
CFS built-up box intermediate column. CFS built-up short column with inward rectangular
web stiffeners show 14% higher load carrying capacity than unstiffened CFS built-up box
short column.
In the case of CFS built-up column with outward inclined web stiffeners,CFSbuilt-up box
long column with outward inclined web stiffeners show 34% higher load carrying capacity
than unstiffened CFS built-up box long column.CFS built-up intermediate column with
outward inclined web stiffeners show 25% higher load carrying capacity than unstiffened CFS
built-up box intermediate column. CFS built-up short column with outward inclined web
stiffeners show 46% higher load carrying capacity than unstiffened CFS built-up box short
column.
Effects of thickness on CFS built-up box long column with different types of stiffeners show
that 1.9mm thickness built up columns shows higher load carrying capacity than 1mm and 1.5
mm.That is 26% in horizontal stiffened built-up box column.38% in rectangular web stiffened
built-up columns.47% in inclined web stiffened built-up column.
Effects of lip length on unstiffened CFS built-up box columns show that,built-up long column
of lip 18mm show 5% higher load than 14.4mm. Built-up intermediate column of lip 18mm
show 4% higher load than 14.4mm. Built-up short column of lip 18mm show 3.2% higher
load than 14.4mm .
Effects of fasteners spacing on web stiffened built-up box columns of 150mm spacing show
34% less load than 100mm spacing. And 300mm spacing show 18% lesaser load carrying
capacity than 100 mm spacing.From this study,fasteners spacing increases that will decreases
the load carrying capacity.
Comparative study of CFS built-up long column with and without stiffeners show
that,horizontal stiffened built-up columns of 1.9 mm thickness show 26% higher load than
unstiffened columns of 1mm thickness. Inward rectangular web stiffened columns of 1.9 mm
thickness show 38% higher load than unstiffened columns of 1mm thickness. Outward
inclined web stiffened columns of 1.9 mm thickness show 47% higher load than unstiffened
columns of 1mm thickness
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1. INTRODUCTION & OBJECTIVE
The investigation of the mechanical behaviour of bone is very mandated for the orthopaedic
community, especially to understand the bone cutting. During the bone cutting procedure, the
damage that occurred to the tissues could reduce the surgery quality, and also affects the
patient’s recovery time. In the cutting process, because of the extensive range of parameters
like the geometry of the tool (rake angle, clearance angle), cutting parameters (cutting speed,
friction coefficient, depth of cut, irrigation), made the online monitoring as difficult. Also, the
complexity found in online monitoring can be overcome by proper numerical modelling of the
cutting process. The reliability of the developed finite element models depends on the
geometry complexity, mesh convergence, mechanical properties, and material model. Among
these parameters, the constitutive model is more significant (Marco et al. 2015).
The objective of the investigation was to determine the Johnson-Cook model constants
and its predictability to capture the material behaviour of the bone.
2. MATERIALS AND METHODS
In this study, the cortical femur bones harvested from a 3.50-year-old bovine was used, as the
geometry and properties are similar to the human bones (Bai et al. 2020, Ying et al.
2020). The mid-diaphysis portion of the cortical femur bone was subjected to tensile tests. The
tensile specimens were prepared from the mid diaphysis portion of the femur bone, as
per the dimensions and procedure stated in the literature (Alam et al. 2009). The model
constants were calibrated from the uniaxial tensile tests performed at the strain rates from
0.00001/s to 1/s. The Johnson-Cook (J-C) model was considered to capture the bovine
bone behaviour. From the obtained stress-strain curve, the J-C model constants were
determined.
3. RESULTS AND DISCUSSION
The Johnson-Cook constitutive model was developed (Eq. 1) for the bovine bone.

  
   A  B. p n   1 C ln  p   1 T *m
 0  






[1]

where  is the flow stress, A is the yield stress of the bovine bone, B and n are the constants
to represent strain hardening,  p is the plastic strain,  p is the effective plastic strain rate,  0 is
the reference strain rate. T *m denotes the temperature effect and omitted in this work, because
of the insignificant thermal effects (Alam et al. 2009, Santiuste et al. 2014).
________________
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A representative comparison between the predicted and experimental stress-strain data
for reference strain rate (0.00001/s) is shown in Fig. 1. The prediction capability of the JC model is evident from Fig. 1. Based on the investigation made at different strain rates, it
was identified that the J-C model constants could predict the bone behaviour effectively.

Fig. 1. Comparison of the stress-strain data between the experiment and J-C model at 0.00001/s strain rate.

4. CONCLUSIONS
In this work, tensile tests were conducted on the bovine cortical bone at different strain
rates (0.0001/s to 1/s). It was identified from the experiment that the cortical bone
exhibits the strain rate sensitivity. Results revealed that the Johnson-Cook model
developed could effectively predict the experimental stress-strain curve with a lesser
deviation. Thus the proposed constitutive model constants can be implemented in the finite
element simulation of bone cutting processes such as orthogonal cutting, grinding, milling,
drilling, and sawing.
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1. INTRODUCTION & OBJECTIVE

Helmet is used to protect our head from several injuries during various operations like
riding bikes, cycles and in construction sites. Each year the number of deaths increases due to
road accidents only. According to a survey, the number of deaths in India due to road accident
in 2018 is about 1.5 lakhs. As per a survey with helmet manufacturers, 90% of helmets in India
are faulty helmets. This paper deals with the design and analysis of a Bicycle helmet made up
of composite materials. A comparative analysis has also been done taking two different
materials and analyzing how they perform on a similar loading condition. The main purpose of
this paper is to give an insight on how the materials perform on given conditions and which will
be a comparatively better option to be chosen in the fast growing world of transportation.
The main purpose of helmet in automobile industry is to protect head of the rider from
injuries during road accidents. Helmet structure mainly consists of two parts. They are foam
and shell. Foam is used to absorb the impact energy, while shell is used to resist penetration of
foreign objects to touch the head. Usually helmet is tested by force resistance test. And thus
helmet with more thickness will pass the test. This will lead to increase in weight and cost of
the helmet. Normally helmets are made of polycarbonate are ABS (Acrylonitrile Butadiene Styrene)
plastic. The weight of those helmets will be around 1200 grams. In order to decrease the weight
and to increase the strength of the helmet in this paper we are going to design a cycling helmet
with composite material and to do a static analysis. The results will be compared with the same
helmet design of different material properties
2. MODELLING

Fig 1. Design of Helmet
Designing of the model has been done in SOLIDWORKS with a surface and head diameter of
170mm. While processing the composite material properties the helmet consist of 3 layer of
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composite each of 3mm thickness respecively.While applying other material properties the
helmet will be with a thickness of 9mm.
Table 1. Mecahnical properties of Materail
MATERIALS
PROPERTIES

POLYCARBONATE/ACRY
LONITRILE BUTADIENE
STYRENE

GLASS EPOXY
COMPOSITE

Tensile strength (N/m^2)

4e+07

4.9e+08

Elastic modulus (N/m^2)

2.41e+09

7.2e+10 N/m^2

Poisson's ratio

0.3897

0.169

Mass density (kg/m^3)

1070

1920

Shear modulus (N/m^2)

8.622e+08

3e+07

3. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

Fig 2 Structural Analysis of Helmet
In this paper we analysed about two type of materials for deformation and stress test in order to
get results for better performance characteristics. The stress, strain and displacement
characteristics for the given boundary has been obtained by the analysis.The below table shows
the stress, strain and displacement differences between the material made of composite and
Polycarbonate/Acrylonitrile Butadiene Styrene material.
 The maximum stress calculated in composite and Polycarbonate/Acrylonitrile
Butadiene Styrene are 2.855e+03 N/m^2 and 8.145e+02 N/m^2 respectively.
 The maximum strain calculated in composite and Polycarbonate/Acrylonitrile
Butadiene Styrene are 7.042e-07 and 2.152e-07 respectively.
 The
maximum
displacement
calculated
in
composite
and
Polycarbonate/Acrylonitrile Butadiene Styrene are 2.438e-05 mm and 1.753e-05
mm respectively.
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1. INTRODUCTION & OB JEC TIVE

Automobile components, railway track components and rolling stock, bridges, offshore
structures, ships, pressure vessels, handling equipment like crane, excavators and pipelines,
aircraft and space structures are some of the components/structures which are generally
subjected to repetitive loads during their lifetime. In Nuclear Power Plants (NPP) the pipes are
used as conveying system and it is subjected to various loading conditions such as bending,
torsion, internal pressure and combination of these loads. During the shutdown of piping
system of NPP, the fluctuations in fatigue load amplitude initiate which cause crack initiation,
followed by crack growth and finally catastrophic failure over the period of time. Hence to
avoid the sudden failure in this piping system due to these fatigue loads, the fatigue crack
growth study and the remaining fatigue life are necessary for understanding the characteristics
of these pipes during operation. Accurate prediction of fatigue life in piping components is
very important to avoid catastrophic failure.
In NPPs, the loading on the piping component is subjected to bending in nature is always
accompanied by some torsional loading during operation. The piping system experiences
bending along with torsion is due to dead load, thermal expansion, change in pressure, rotary
equipment and pumps fitted directly with hanger to piping system. In ASME Boiler and
Pressure Vessel Code (BPVC) section XI provides flaw evaluation of straight pipes under
combination of pressure and bending load, there is no provision made for torsion loading case.
Hence it becomes necessary to study the fatigue crack growth behavior of piping components
under combination of torsion and bending load. These studies are still premature due to
limitation of literatures to standardize the results. The objective of this study is to predict the
fatigue crack growth and life of the stainless steel straight pipes having semi elliptical
circumferential outer surface notch in the base metal at center of the pipe subjected to pure
bending and combined torsion and bending. Analytical studies were carried on four numbers
of stainless steel straight pipes to predict the fatigue crack growth and life using British R6
and French RCC-MR codes. The analyses were carried out the crack depth reaches 80% of
thickness of the pipe and the results were compared.
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Table 1. Details of notch and pipe specimens.
Notch dimensions

Specimen ID

Outer diameter, D0
(mm)

Thickness, t
(mm)

a (mm)

2c (mm)

ϴ (o)

b (mm)

SSPB6-1

169

15.08

3.55

36

12.21

2

SSPB6-18

170

14.22

3.50

36

12.13

2

SSTB6-2

168

14.00

3.50

36

12.28

2

SSTB6-3

170

14.33

3.40

36

12.13

2

a = Notch depth, 2c = Notch length, ϴ = Half notch angle, b = Notch width.

2. RESULTS & HIGHLIGHTS OF IM POINTANT PO INTS
Table 2. Analytical results of fatigue life of the pipe specimens.
Specimen ID

Number of cycles (N)

Crack length, 2c (mm)

British R6

RCC-MR

% diff.*

British R6

RCC-MR

% diff.*

SSPB6-1

25863

24308

6.01

65.25

60.54

7.21

SSPB6-18

74189

69558

6.24

63.17

58.77

6.96

SSTB6-2

82641

77511

6.20

61.96

57.77

6.76

SSTB6-3

95290

89588

5.98

62.96

58.62

6.89

*Percentage difference of French RCC-MR results compared with British R6.

The value of geometric factor obtained using British R6 code higher than the French RCCMR code for identical pipe and notch dimensions. Hence the number of cycles and crack
length obtained using British R6 code are higher than the values obtained using French RCCMR code.
The relation between the number of cycles (N) and crack growth in thickness (a) and
circumferential (2c) directions for all the four pipe specimens was predicted till the crack
depth reaches to 80% of thickness of the pipe. The fatigue life of the pipe specimen is highly
depending upon the stress due to the applied load. The rate of crack growth in thickness and
circumferential direction ( da/dN and dc/dN) increases with increase in cyclic load.
As we can see Table 2, the predicted number of cycles using British R6 and French RCC-MR
codes for the pipe specimens SSPB6-18, SSTB6-2 and SSTB6-3 subjected to combined
torsion and bending are higher than the pipe specimen SSPB6-1 subjected to pure bending.
Hence the pipes subjected to combined torsion and bending have more fatigue life than the
pipe subjected to pure bending.
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1. INTRODUCTION

The simulation of the cyclic-plastic response of a material under asymmetric strain- and stresscontrolled cyclic loading is primarily characterized by two phenomena: a) cyclic mean stress
relaxation, and b) ratcheting. Cyclic mean stress relaxation refers to the progressive shift of the
hysteresis loops under asymmetric strain cycles till the mean stress in a cycle stabilizes to zero
mean stress level. Ratcheting is the progressive accumulation of deformation or cyclic damage
in the direction of mean stress when a material is subjected to high asymmetric stress-controlled
loading, sufficient to produce plasticity.
Nath et al. (2019b) have recently proposed a methodology to obtain close predictions for the
cyclic-plastic behaviour and have demonstrated its applicability to examine reported results on
various ferrous and non-ferrous alloys (Nath et al., 2019a) under different strain-controlled and
stress-controlled loading conditions. The methodology considers the combined hardening
model proposed by Chaboche (1986) as summarized in Table 1; the parameters of the Chaboche
model are initially estimated from the stabilized hysteresis loops under strain-controlled cycling
and are subsequently optimized using genetic algorithm technique to obtain closer cyclic-plastic
simulations. The major objective of this study is to demonstrate the applicability of this
methodology to simulate the ratcheting phenomena together with the capability to predict cyclic
mean stress realaxation for AA7050 aluminium alloy reported by Hu et al. (1999); this is
intended at the broader aim to assess the generalized nature of the proposed approach by Nath
et al. (2019b).
2. RESULTS & DISCUSSIONS
The simulated cyclic-plastic response for the AA7050 alloy indicating cyclic mean stress
relaxation and ratcheting behaviour obtained by the present approach is compared against the
experimental (Hu et al., 1999) and the reported predictions by Kourousis and Dafalias (2013).
The parameters obtained by the present methodology are summarized in Table 1. The predicted
cyclic mean stress relaxation (Fig.1a) obtained by the present methodology is in good agreement
with the experimental behaviour (Hu et al., 1999) and is comparable to the simulations reported
by Kourousis and Dafalias (2013). However, closer ratcheting simulations to the reported
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experimental response under asymmetric stress-controlled cyclic loading are obtained by
considering the present approach than that reported by Kourousis and Dafalias (2013), as
indicated in Fig. 1b. The results in Fig. 1 demonstrate that the methodology proposed by Nath
et al. (2019b) is capable of simulating the cyclic-plastic response under asymmetric fatigue
loading.
Table 1: The mathematical formulation of the Chaboche model and the parameters determined using the present
approach for simulating the cyclic-plastic response for AA7050 aluminium alloy reported by Hu et al (1999)
3

Yield criteria: √ (𝑆 − 𝛼): (𝑆 − 𝛼) − (𝜎𝑦0 + 𝑅) = 0
2

2

Isotropic hardening: 𝑅̇ = 𝑏(𝑄 − 𝑅)𝑝̇ ; 𝑝̇ = √ 𝜀𝑝̇ : 𝜀𝑝̇
2

3

Kinematic hardening: 𝛼 = ∑4𝑖=1 𝛼𝑖 ; 𝛼̇𝑖 = 𝐶𝑖 𝜀𝑝̇ − 𝛾𝑖 𝛼𝑖 𝑝̇

E = 69 GPa, σy0 = 289.1 MPa
b = 11.9, Q = 12.1 MPa
Ci (MPa) = 44871.3, 29087.5, 4847.5, 3059.3
γi = 638.5, 229.1, 4.3, 20.2

3

E=Young’s modulus; S=deviatoric stress; R=isotropic hardening component governed by parameters b and Q;
σy0 = Initial yield stress; α =kinematic hardening component; αi=backstress components governed by parameters
Ci and γi; 𝑝̇=accumulated plastic strain rate; 𝜀̇𝑝 =plastic strain rate.

(a)

(b)

Figure 1: Comparison of the simulated a) cyclic mean stress relaxation, and b) ratcheting behaviour for AA7050
aluminium alloy obtained using the present methodology with the experimental (Hu et al., 1999) and reported
simulations by Kourousis and Dafalias (2013)
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1. INTRODUCTION & OBJECTIVE

This research article dealt with a modal analysis study of functionally graded material (FGM)
elliptical plate under with or without a thermal environment. The material paremeters are
temperature dependent and continuously varied along the plate thickness direction. Power law
is used for material distribution. The finite element analysis (FEA) using COMSOL®
Multiphysics software is employed to obtain the natural frequencies and their respective mode
shapes. Furthermore several results have also provided to show the influence of various
factors such as with or without thermal effect, material gradient index, aspect ratio, and end
conditions on the Eigen frequencies of FGM elliptical plate. The results obtained using
COMSOL has found very good match with previously published data using finite element
method (FEM).
Elliptical plate commonly finds its application in aircraft structures (forward fuselage and aft
fuselage), marine engineering (the bottom surface at the front part of a ship hull, etc.),
locomotive structure (“nose’’ of a bullet train is an ellipsoidal section, etc.), mechanical and
civil engineering. Thus a modal study of the elliptical - shaped plate is essential to us. Often a
plate structure is required in engineering applications to support mounting and accessories. So
different kind of plate structures is generally employed for the modal study. Modal analysis of
the elliptical shape plate was found much less attention in comparison to other structures.

(a)

(b)

Fig.1. Elliptical Structure (a) Geometry (b) FEM meshing Model
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
1. Results obtained by FEM application software COMSOL 5.4 are perfectly match with result
presented by Guo et al. [2019]
2. If we decrease the temperature difference from ΔT 800 K to ΔT 700 K, Eigen frequencies
rise after it decreases to ΔT 600 K. Furthermore Eigen frequencies continuously increases.
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Fig. 1. Effect of temperature rise on the Eigen frequencies (Hz) of clamped FGM elliptical plate under power law (a/b = 2, h
= 0.1 m, p = 1 m and ΔT = 800 K to ΔT = 0 K).

Fig.5 Mode shapes with related Eigen frequencies for clamped FGM elliptical shape plate
under thermal effect(a/b = 2, h = 0.1m, p = 1 m and ΔT = 800 K to ΔT = 0 K).
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ABSTRACT
Experimental study on natural convection heat transfer in heated horizontal duct drive away heat
from the interior face has been offered. The duct is rectangular cross section, open and round in
shape. The horizontal duct is heated by provision of heating coils, where stable wall heat flux
mentioned. The experiment is conceded out for channel of 50 mm. internal diameter and 4 mm
thick, having length 600 mm and 700 mm. The experiment is conducted by taking the relation
between various parameters, the parameters are like Length of horizontal tube, diameter of the
tube,( L/D = 12 and 14) Heat fluxes for inner wall retained at q// = 300 W/m2 to 3150 W/m2. A
methodical investigational record for the local steady state natural convection heat transfer activities
is recorded. The wall heating situation on local steady-state heat transfer phenomena are considered.
Heat transfer by natural convection act an important role in electrical and electronic equipments,
heat exchangers that are used in several industries. Medium air is taken as fluid in this work , which
is an available source, due to its non-corrosive nature air as working medium cannot be substitute
easily by supplementary fluids. The basic plan of this work is to observe the behavior of the
temperature along the horizontal direction (length of tube) and temperature of air at channel exit
condition.

Keywords: Heat transfer, components, system, horizontal tube, heating coil, heat flux, smooth tubes, test
section.
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ABSTRACT

Steel–concrete composite structures are used extensively all over the world because of its
structural performance over steel and reinforced concrete structures. Comprehensive research
on steel and composite beams, columns and beam - column connections have been carried out.
Column to foundation connections, however have received limited attention. In this paper, a
review of the research carried out on column to foundation connections is given with attention
on experimental and analytical work. Experimental data has been collected and compiled in a
comprehensive format. The review also includes research work that has been carried out for
the effects of seismic loading, modes of failure, embedded depth of the connection and axial
load ratio on the behaviour of column foundation connections. A new strengthening scheme
for the composite column-foundation connection has been propsed which can be used in the
field of construction to resist the lateral loads.
1. INTRODUCTION
Column to foundation connection is the most important connection since all the loads from
super structure was transferred to the foundation through columns. Foundation connection was
broadly classified as exposed base plate and embedded column base connection based on the
position of base plate shown in Figure 1.

Figure 1 Exposed and Embedded column foundation connections

1

Further author information: (Send correspondence to S.S.A)

A.A.A.: E-mail: umarani@annauniv.edu, Telephone: 91 94439 47314
S.S.A.: E-mail: jothimn05@gmail.com, Telephone: 91 9786356970, Address: Division of Structural
Engg, Department of Civil Engineering, Anna University, Guindy, Chennai, India.
Indian Institute of Technology Kharagpur

1|P a g e

Experimental Mechanics (EM)

In exposed connection, the base plate placed on the top of foundation concrete. Initially, the
aim of exposed connection is to achieve the pinned condition support. To achieve this, thin
base plates provided at the column end to transfer the axial compressive, tensile and shear
loads. Earlier, two anchor rods have been provided to withstand the uplift forces and in some
cases shearing action. Frequently, the ability of these types of connections to resist moments
is neglected, a fact that has been analytically and experimentally shown to be a wrong
assumption in many circumstances (Galambos, 1960; Picard and Beaulieu, 1985).
To improve the connection rigidities, various parameters were varied and so many researchers
focused on the experimental investigation on these connections. Hence in this paper, all the
information available on column base connections will be composed for the future researchers
to access clear report on these connections.
2. OBJECTIVES
The objective of this paper is to prepare a report on column base connections. To achieve the
stated objective following methodology was adopted.
1. Classification of base connections. Detailed classification will be given based on base
plate, embedment length, amount of restrains provided, failure mechanism, concrete
failure mode and steel failure mode.
2. Design considerations for the column base connections will be discussed.
3. Experimental works on column base connections will be reviewed.
3. RESULTS
1. Information available on the investigation of column base connections will be
summarized and clear overview of all the aspects in this paper. The details of
experimental works for exposed and embedded connections will be given in the
tables. The tables provide information such as number of tests, section shape, loading
type, variables considered in the study and the origin of work, etc.
2. Different types of foundation connections will be compared to indentify the better type
of connection in all the aspects.
3. A new type of strengthening scheme which is reliable, ductile and a simple
construction method to improve the behavior of concrete filled steel tubular column to
foundation connections will be proposed in this paper.
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1. INTRODUCTION & OBJECTIVE

Engineers have to design the foundation of various vertical submerged cylindrical structures.
The knowledge of flow characteristics plays an important role to determine the maximum
scour depth, which ultimately influences the depth of foundation around these structures. A
vertical cylinder becomes submerged if the flow depth increases beyond its height. Examples
of vertical submerged cylinders are fully submerged well foundations during high floods,
bridge piers in case the discharge exceeds the design discharge, etc. Several researchers
investigated the flow and scour around fully submerged cylinders (Sarkar and Ratha [1], Bauri
and Sarkar [2, 3]).
While most of the studies have discussed the flow characteristics around the partially
submerged cylinder, there is lack of data especially on the Reynolds stress distributions and
bed shear stress variations around fully submerged vertical circular cylinders, which is
important to understand the erosion-prone zones around these structures. The present study
focuses on the measurement of the three-dimensional velocity components in various radial
directions and also utilizes the measured velocity data for determining the Reynolds stress
distributions, bed shear stress and power spectra versus shedding frequency variations around
the submerged cylinder for various flow conditions. The velocity components at different
vertical sections along with the radial directions around a submerged vertical circular cylinder
over the rigid plane bed was measured using the acoustic Doppler velocimeter (ADV). The
bed shear stress is subsequently calculated from the Reynolds stress distribution.
The flow characteristics around the submerged vertical circular cylinders are also simulated
numerically using COMSOL Multiphysics 5.0 with k- turbulence closure model and
validated with the experimental results. The solved numerical model is based on Reynolds
Averaged Navier-Stokes equation (RANS) with constant turbulence viscosity. In this model,
the turbulent steady state simulation is performed with single phase.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The horizontal velocity component is 40% more for 5 cm diameter cylinder than 7.5 cm
diameter cylinder. The formation of free shear layer downstream of the submerged cylinder is
evident from the zero velocity line. The results from the experiments are also validated using
the results from the numerical simulations. The numerically computed distributions, as well as
the zero velocity line, matches well with the measurements. Fig. 1 represents the contours of
the resultant velocity around the submerged circular cylinders. Higher velocity contours are
found at the upstream of the cylinder, which indicates the formation of the horse shoe vortex.
Also, the velocity contours are higher for higher depth, specifies the accelerated flow from the
top of the submerged cylinder. Reynolds stresses, bed shear stress and variation of power
spectra versus shedding frequency over the plane bed are computed from the measured data.
Fig. 2 shows the variations of normalized bed shear stress in horizontal plane around
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submerged circular cylinders. It is evident that the maximum bed shear stress is formed close
to the submerged circular cylinder for 5 cm diameter. High bed shear stress is evident close to
the cylinder, which decreases with distance from the cylinder, signifies the formation of high
scour zone close to the upstream of the cylinders. Also, scour prone zone around cylinder
shifts to the downstream edge with the increase of cylinder diameter. However, it is important
to mention that the present study does not focus on the calculation of scour depth around
submerged cylinders. Rather, the study focuses on the determination of the flow
characteristics around a submerged vertical circular cylinder over plane rigid bed. The vortex
shedding frequency is determined using FFT of the time history of the longitudinal velocity at
various depths around the cylinder. The power spectra have higher peaks for smaller diameter
cylinder implying larger sediment entrainment capacity from the sides and downstream of the
submerged cylinder. The shedding frequency and vorticity of the shed vortices increase with
the decrease of cylinder diameter.

Figure 1 Resultant velocity contours in horizontal plane

Figure 2 Variations of normalized bed shear stress in horizontal plane around submerged
circular cylinder (5 cm diameter)
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ABSTRACT: Experiments on many bodies such as concrete results in an inhomogeneous
deformation field. Hence, straight lines do not remain straight after deformation; the strain
varies spatially. The strain measured using devices such as extensometer, and strain gauge
assume that the strain is uniform over the gauge length. These instruments measure the secant
of the deformation field when the tangent is required, resulting in an erroneous estimate of the
non-uniform strain. Consequently, the estimated strain depends on the gauge length used to
determine the strain. Therefore, the objective of this study examines and finds the optimum
value of a gauge length for which the error between the secant approximation and the actual
tangent is a minimum in a periodically inhomogeneous body.
1. INTRODUCTION

The displacement gradient, a measure of relative displacement between the two material
particles, is a fundamental quantity in the study of deformable bodies. An accurate estimate of
the displacement gradient in experiments is required to build appropriate theoretical
frameworks or to ascertain the usefulness of a constitutive model.
In experiments, the displacement field resulting in a uniform displacement gradient is
preferred to characterize the material. However, as shown by Saravanan (2014), many
inhomogeneous bodies under any boundary traction deform such that the displacement
gradient is non-uniform. Hence, for frames made of cement concrete or pavement made of
asphalt concrete, accurate determination of the non-uniform displacement gradient is required
for the development of a better mechanical model for these bodies.
Conventionally, strain, a kinematic metric derived from displacement gradient, is determined
using extensometer and strain gauge. Extensometer includes a linear variable differential
transformer, dial gauge, demountable mechanical gauge, among others. They measure the
relative displacement between the two points. The method assumes a homogeneous
displacement field between the measurement points to convert the displacement values into a
strain. Strain gauge measures the change in length of line element initially oriented along a
particular direction and of a given distance. Since the extensometer and strain gauge has a
finite gauge length, the tangent to the displacement field at a point is approximated as its
secant. While the nature of approximation is known, a systematic study on the error in the
secant approximation as a function of the gauge length, the parameters characterizing the
spatial variation of the material response functions is scant.
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2. METHODOLOGY
A boundary value problem corresponding to a cylindrical inhomogeneous body fixed at one
end and subjected to axial load at the other end is studied. The error associated with strain
measurement in an inhomogeneous body is examined in the context of this uniaxial loading
boundary value problem. Here, the modulus of elasticity is assumed to vary axially and is
represented as
𝐸𝐸(𝑥𝑥) =

1+

𝐸𝐸0

2𝜋𝜋𝑖𝑖𝑥𝑥
∑∞
𝑖𝑖=1 𝛼𝛼𝑖𝑖 𝑠𝑠𝑖𝑖𝑠𝑠 � 𝛿𝛿𝛿𝛿 �

(1)
+

2𝜋𝜋𝑖𝑖𝑥𝑥
∑∞
𝑖𝑖=1 𝛽𝛽𝑖𝑖 𝑐𝑐𝑐𝑐𝑠𝑠 � 𝛿𝛿𝛿𝛿 �

where, 𝐸𝐸0 is the mean modulus of elasticity, 𝛼𝛼𝑖𝑖 and 𝛽𝛽𝑖𝑖 are the compositeness parameters
and, 𝛿𝛿𝛿𝛿 is the microstructure length.
The equilibrium equation for the inhomogeneous body requires,
𝑑𝑑𝑑𝑑(𝑥𝑥)
𝐸𝐸(𝑥𝑥)𝐴𝐴
= 𝑃𝑃
𝑑𝑑𝑥𝑥
The tangential (or theoretical, 𝜀𝜀𝑡𝑡 ) and secant (or practical, 𝜀𝜀𝑝𝑝 ) strain is given by,
𝜀𝜀𝑡𝑡 =

𝑑𝑑𝑑𝑑(𝑥𝑥)
,
𝑑𝑑𝑥𝑥

𝜀𝜀𝑝𝑝 =

(2)

𝑑𝑑(𝑥𝑥 + ∆𝑥𝑥) − 𝑑𝑑(𝑥𝑥)
∆𝑥𝑥

(3)

where 𝑑𝑑(𝑥𝑥) is the displacement of a particle at 𝑥𝑥 while 𝑑𝑑(𝑥𝑥 + ∆𝑥𝑥) is the displacement of the
particle at 𝑥𝑥 + ∆𝑥𝑥 in the reference configuration. ∆𝑥𝑥 is the gauge length.

By solving the differential equation (2) and substituting in (3), the difference between the
tangent and secant approximation, 𝜉𝜉 = 𝜀𝜀𝑡𝑡 − 𝜀𝜀𝑝𝑝 is obtained as
𝜉𝜉

𝐸𝐸0 𝐴𝐴
𝑃𝑃

= 𝜉𝜉𝑠𝑠𝑑𝑑𝑛𝑛 = ∑∞
𝑖𝑖=1 �𝑠𝑠𝑖𝑖𝑠𝑠 �

where 𝜋𝜋 = ∆𝑥𝑥 ⁄𝛿𝛿𝛿𝛿 .
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sin (2𝜋𝜋𝑖𝑖𝜋𝜋 )
2𝜋𝜋𝑖𝑖𝜋𝜋

�

�

�

(4)

3. SALIENT RESULT

The obtained equation (4) is bounded by applying Cauchy-Schwarz inequality. It is found
from the analysis that the non-trivial optimum value of gauge length corresponds to when ‘m’
equals 1.023. Considering the micro-structure length (𝛿𝛿𝛿𝛿 = 20𝜋𝜋𝜋𝜋), the obtained optimum
gauge length (∆𝑥𝑥) is 20.46mm. It is also established that the optimum value of gauge length is
independent of the compositeness parameters, however, the magnitude of 𝜉𝜉𝑠𝑠𝑑𝑑𝑛𝑛 does depend
on them.
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1. INTRODUCTION & OBJECTIVE

Hybrid double skin tubular column (DSTC) is a modern composite column with steel inner
and fibre-reinforced polymer (FRP) outer tubes, and the space between the two tubes is filled
with concrete. These composite columns have found particular applications for offshore
structures to increase buoyancy and reduce corrosion; in high-rise buildings and bridge piers
for reduced weight and cost, enhanced buckling strength and ductility with advantages in
dynamic loading. Inner steel tube acts as longitudinal reinforcement in DSTCs and its inward
buckling has negative implications on column capacity. Very scant studies are available for
examining structural behavior of hybrid DSTCs for multiple cross-sectional shapes of inner
and outer tubes. The main objective of present study is to experimentally examine influence of
hybrid-DSTC column cross-sectional shape on its load carrying capacity. Six stub hybrid
DSTCs specimens were tested for axial load-displacement characteristics and the results are
reported for multiple shapes of inner and outer tubes, such as circle-circle, square-circle and
circle-circle (Fig. 1). All the specimens had a filament-wound FRP tube with fibers at ± 80° to
the longitudinal axis of the specimen. Outer FRP tubes had fixed dimensions irrespective of
shape, such as height of 500 mm, 4 mm thickness and outer dimension length of 208 mm (i.e.
edge length for square or diameter for circular shape). The inner steel tubes were used with
108 mm outer edge length for square shapes and 106 mm outer diameter for circular
specimens. However, all inner steel tubes had a fixed thickness of 2 mm.

Fig. 1. Typical cross-sectional shapes of hybrid-DSTCs.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
All specimen irrespective of cross-sectional shape failed by hoop-directional rupture in FRP
tubes, which was followed by a loud noise at ultimate failure. This failure of FRP tubes was
more localized in regions that corresponded to the locations of significant inner steel-tube
buckling deformations. Interestingly, the localized concrete failure under axial compression
also coincided with regions where concentrated damage of inner steel or outer FRP tubes
occurred. Previous research studies (Fanggi and Ozbakkaloglu 2013, 2015; Ozbakkaloglu and
Fanggi 2014; Zhang et al. 2017; Peng et al. 2018) also reported similar general failure modes
of hybrid DSTC columns on a typical specimen cross-sectional shape considered in present
study.
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The axial-load displacement characteristics and ultimate load carrying capacity of the tested
specimens were found dependent on cross-sectional form (see Fig. 2). Circle-circle shaped
specimens have shown the highest load carrying capacity of 1856 kN, which is about 48 and
61% above circle-square (1249 kN) and square-square (1155 kN) configurations, respectively.
This is attributed to the facts that circular shape for outer FRP provides uniform and better
confinement to concrete infill than square shape. Moreover, inner steel tube with circular
shape has shown delayed or reduced inward local buckling that also contributed in its higher
ultimate capacity and more ductile post-peak behavior.
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Fig. 2. Axial load-deflection characteristics: (a) square-square (SS); (b) square-circle (SC); (c) circle-circle (CC)

Building on the present research efforts, the current study is extended by examining hybridDSTC behavior in different cross-sectional shapes when rib steel stiffeners are provided
longitudinally in the inner steel tube. Enhanced buckling strength and ultimate load carrying
capacity and improved ductility shall be studied experimentally.
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1. INTRODUCTION & OBJECTIVE

Ageing accompanied with deterioration due to environmental factors of many infrastructures around
the world has been a major concern for the structural integrity of these infrastructures. This problem
is more evident in the northern-most countries such as most Europe and North America, where extreme
weather coupled with winter salt spray cause sever corrosion and freeze-thaw damages. The advent of
newer and lighter building materials such as fiber reinforced polymers (FRP) have paved ways for
developing alternative techniques which are cost effective and adds insignificant weight to the existing
structure. Many previous studies demonstrated the feasibility of using Carbon FRP (CFRP) and Glass
FRP (GFRP) for the strengthening and rehabilitation of steel and concrete structures. In the current
study, the feasibility and effectiveness of a newer FRP material known as Basalt FRP (BFRP) was
evaluated through experimental technique. BFRP is a better alternative to other FRP since it is cheaper
than CFRP and GFRP. Additionally, BFRP is a sustainable material since it is made of volcanic rock
called Basalt. Experimental studies were conducted on corroded steel beams rehabilitated with varying
layers of BFRP, to determine an optimum layer of BFRP. An elastic mechanics-based analysis was
undertaken to validate the test results in the elastic region. This paper presents the key information
that were obtained from this study.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The results obtained from the experiments conducted in this study suggest that BFRP is effective in
improving the structural capacity of the rehabilitated beams. With the application of adequate number
of layers of BFRP, the ultimate load capacity of the rehabilitated specimens reached that of the original
specimen. Using the elastic based mechanics approach the yield load capacities were also determined
these values were in good agreement with the experimental results. Thus, using the results of this
study, it can be concluded that the use of BFRP was effective in rehabilitating corroded steel beams.
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1. INTRODUCTION AND OBJECTIVE
As the use of high-strength concrete becomes common, the risk of exposing it to high temperatures
also increased. The behaviour of high strength concrete under elevated temperatures differs from
that of normal strength concrete. The residual properties of concrete has become increasingly in
demand for several reasons. First, advanced industrial applications, in particular for chimney and
nuclear reactors, require a greater knowledge of the properties of various types of concrete when
subject to sustained or repetitive stress regimes at moderately high temperatures. Second, new
concrete constituents and proportions continue to become available as some industrial and military
applications require special concrete that is resistant to specific service temperature regimes.
Hence, it is necessary to study the behaviour of both standard concrete (M 30) and high strength
concrete (M 90) subjected to thermal cycles for temperatures ranging from 100 to 400°C. In order
to justify the critical temperature of concrete as 400°C, thermogravimetric analysis (TG-DTA
studies) are carried out. Specimens are subjected to a maximum of 50 thermal cycles to study the
residual properties. One thermal cycle means heating of specimens for 8 hours and subsequent
cooling for remaining period of day. The specimens are heated for 8 hours in order to resemble the
structural performance of concrete in chimneys, nuclear reactors vessels and the elements which
are close to the industrial furnaces which will be in operation for a maximum period of 8 hours in
a day. The mechanical properties studied in this work are compressive strength, split tensile
strength, flexural strength and weight loss.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Residual compressive and tensile strength of concrete increases at 100°C after first thermal cycle.
When subjected to first thermal cycle at 100°C, standard concrete showed an increase in residual
compressive, split and flexural strength of 8.9, 6.5 and 10% respectively but high strength concrete
showed an increase in compressive, split and flexural strength of 6.9, 5.2 and 5.6% respectively.
At high temperatures (i.e. 200, 300 and 400°C), the first thermal cycle causes bulk loss in strength.
Standard concrete loses 2.2, 4.4 and 11.1% in compressive strength at 200, 300 and 400°C
respectively after first thermal cycle whereas 23.5, 26.5 and 30.4% losses in strength are exhibited
by high strength concrete specimens. Standard concrete loses 26.1, 28.3 and 36.8% split tensile
strength at 200, 300 and 400°C after first thermal cycle whereas high strength concrete loses 33.3,
37.2 and 48.7% strength respectively. Standard concrete suffered 5, 10 and 15% loss in flexural
strength after first thermal cycle whereas high strength concrete suffered 8.3, 13.9 and 19.4% loss
in strength respectively. The high strength concrete specimens heated to 400°C are more adversely
affected when compared to those of standard concrete. High strength concrete suffered 65%, 75%
and 58% loss in compressive, split tensile and flexural strength respectively and standard concrete
suffered 45, 69 and 55% loss in compressive, split tensile and flexural strength after 50 thermal
cycles. High strength concrete with its dense structure is less resistant to high temperature with
repeated cycling than normal strength concrete. Hence, standard concrete is performing well at
low temperatures when subjected to thermal cycles. The percentage weight loss increases with an
increase in temperature and number of thermal cycles. Standard concrete (M 30) showed more loss
in weight due to high porosity than high strength concrete (M 90).
To improve fire resistance in design, or to assess the condition and possibilities of repair of a
structure damaged by fire, the results obtained can be useful as guidelines for the structures
subjected to heating and cooling cycles at elevated temperatures.
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1. INTRODUCTION & OB JECTIVE
Concrete is one of the most widely used construction material. Their use is twice as that of
combined steel, wood, plastics and aluminium. Compared to wooden construction it offers
superior fire resistance and gains strength over time. Concrete made structures may have long
service life. The major drawback in concrete works is that the structures will be heavier. In this
paper an attempt is being made to reduce weight and hence economise the reinforced concrete
flexural member by replacing the concrete in and near the neutral axis, since the strength of
concrete near this zone is not fully utilised. So this unutilized concrete is removed by placing
plastic balls instead, hence making the beam hollow at the neutral axis, producing reduction in
weight of the member. The concrete just above neutral axis is less stressed where as the concrete
below the neutral axis serves as a shear transmitting media. The concrete in and near the neutral
axis was replaced by bricks [2] and the analysis was carried out using method of initial functions
and finite element method using Ansys software. The results show that both are comparable and
that Ansys can be used to analyse such beams. The bond between plastic balls and concrete
layers at the ball-concrete interface should essentially be very good. It should be ensured that no
slip will occur between the two layers. Experimental investigation was carried on hollow
concrete beams [1] and was concluded that up to 17.5% removal of concrete in tension zone do
not affect the flexural behaviour, but the deflection of hollow beam was higher than the usual
beams, since moment of inertia was less for hollow beam. Investigations on flexural behaviour of
concrete beams in filled with several types of materials like Brick, Expanded polystyrene sheet
(EPS), LSRC (Lightweight Sandwich Reinforced Concrete) sections, Terracotta hollow blocks
etc. have been carried out earlier. This paper presents the experimental evaluation of flexural
behaviour of reinforced concrete beam in filled with plastic balls near the neutral axis zone. The
experimental evaluation is compared with the numerical assessment using the finite element
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being developed adopting the method presented here. Sustainability is achieved in terms of
reduction in use of concrete and adoption of plastic balls inside a concrete beam.
2. RESULTS & HIGHLIGHTS OF IM POINTANT PO INTS
In RC beams the concrete lying in and near the neutral axis is not fully utilized. So this unutilized
concrete is replaced with PVC pipe and plastic balls. While comparing experimental results
reinforced concrete beam, hollow beam and the beam with plastic ball their strength properties
are comparable. Finite Element Analysis is also carried out with the help of ANSYS 16 software.
Analytical results obtained were comparable to that of experimental results. Obtained results
were recorded in Table 1. One of the main advantages is decrease in use of concrete. While
comparing the volume of beams about 3.34% of concrete get reduced in case of hollow beam and
2.28% of concrete get reduced in the case of beam with plastic balls when compared to control
beam. When the amount of concrete gets saved it will reduce the material cost which will cause
cost reduction in overall project. Self-weight reduction is another goal from this work. About
3.39% weight gets reduced for hollow beam and 2.42% weight gets reduced for beam with
plastic balls.
Table 1. Comparison Between Experimental And Analytical Results
Beam Designation
CB
HB30
HB40
HB50
PB30
PB40
PB50

Deflection (mm)
Experimental Result
9.23
9.29
9.35
9.56
9.24
9.25
9.45

Deflection (mm)
Analytical Result
8.2
8.79
9.03
9.36
8.36
9.00
9.24

Percentage variation
11.8
5.5
3.4
2.1
10
2.7
2.2

KeywordsExperimental Analysis, Finite Element Analysis, ANSYS 16, Neutral Axis ,
Reinforced Concrete Beam, Control Beam, Hollow Reinforced Concrete Beam, Beam with
plastic Balls, Self Weight, Load Carrying Capacity
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1. INTRODUCTION & OBJECTIVE

Oil filled transformers explosions and their prevention is a complex industrial issue. Since arcing
is inherent to every electrical system and transformer is one of them and the presence of oil inside
the tank provides fuel for burning, so non inflammable oil combined with proper monitoring and
alarming system and explosion withstanding material is the remedy to overcome explosion hazard.
Experimental tests showed that when an electrical fault occurs in a transformer, it generates
dynamic pressure waves that propagate in the oil. Reflections of these waves on the walls build up
high static pressure which transformer tanks cannot withstand. The tank’s ability to withstand this
pressure is thus one of the key parameters of transformer explosion prevention. In this study,
analysis is concentrated on the third factor or the material strength to withstand explosion.
Modelling and simulation of oil tank in ANSYS Fluent module as well as in ANSYS Static
structural module to find out the stresses and deformation on the model used. Oil jet impact
experiment is employed to evaluate the strength of the material to withstand the explosion. Using
different composite materials as a substitute to conventional material used for transformer oil tank
fabrication, potential composite materials possessing this characteristics are analyzed and
feasibility is evaluated.
2. RESULTS & CONCLUSIONS
Results from ANSYS Fluent as well as ANSYS Static structural module are obtained from the
analysis. The stress developed due to impact of liquid jet is obtained from Fluent as shown in Fig.1
where the material used is structural steel and the total deformation on structural steel is shown
in Fig.2, where deformation imposed is slightly above the elastic limit on the structural steel
causing permanent set as evident from the stress distribution on the tank plate as shown in Fig.3.
Stresses imposed due to impact force on conventional (structural steel) as well as the composite
materials such as carbon based, glass based, PVC based, etc. are obtained from Static structural
module as results upon completion of the experiment. In case of the composite materials stated
above the total deformation due to the jet impact is limited to that of the structural steel making it
as a benchmark. The corresponding jet force for this particular deformation is found out in next
step and the experiment is carried out on the structural composite materials stated above. Fig.4
depicts the equivalent stress acting on the plate with material Epoxy Carbon 395 GPa prepeg. This
material undergoes permanent deformation extensively compared to structural steel. Among the
composite materials used for this analysis, Carbon based composites performed very well
compared to glass, PVC, SAN based counter parts.
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Figure 1: Total Pressure on tank wall due
to jet impact from fluent module

Figure 2: Total deformation of the tank plate (structural
steel) subjected to impact force from static structural module

Figure 3 Equivalent stress on the tank plate (structural
steel) subjected to impact force from static structural
module

Figure 4 Equivalent stress on the tank plate (Epoxy
carbon woven 395GPa prepeg) subjected to impact
force from static structural module

Deformation obtained on different composite materials are identified and compared among
themselves. Carbon based, Epoxy Carbon Woven 395GPa Prepeg is found to have sufficient
strength comparable to that of other composite materials which is depicted in Fig.4.
Keywords: Transformer tank, Composite materials, Deformation
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1. INTRODUCTION & OBJECTIVE

Masonry can be designated as the urban curtains due to their extensive usage in residential and
industrial structures. Further, the outer periphery walls of almost 80% structures are made up of
brick units stick together with mortar. These walls are at times subjected to accidental impact
loads such as large mass of hard objects traveling with low velocities. There are many
investigations dealt with the behavior of masonry wall against impact loading through both
experiment as well as finite element modelling, for instance [1-5]. However, the influence of
multihit on the masonry walls against large mass impact was found to be limited. In light of
vulnerability assessment of such components, series of impact tests are conducted on vertically
standing unreinforced masonry wall. The behaviour of wall subjected to multiple impacts was
studied in terms of impact force, failure mechanism and energy absorption through detailed
experimental and numerical investigation. The simplified micro-modelling technique was used
to model the brick wall with mortar joints on ABAQUS/Explicit finite element code. The
Drucker-Prager and traction- separation law was used which is readily available in ABAQUS.
2. EXPERIMENTAL INVESTIGATION

The experiments were performed on the clay brick masonry wall of 1.2 x 1.2 x 0.115 m against
60 kg of mass of ogive nose impactor. The velocity of the impactor was under 2 m/s and the
test setup was shown in Fig. 1(a). The specimens were studied under repeated loading until
failure. The test were performed with same speed with hammer weight of 60 kg striking at mid
point of masonry wall and the pendulum angle was 29˚, see Fig. 1(a). The response of masonry
wall against the hits 1-7 were similar in nature and magnitude, therefore the hits 1-5 were not
presented.
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Fig. 1. (a) Experimental setup and response from (b) hit 6 and 7 (c) hit 8 and 9 (d) hit 10 and 11

The pendulum impact testing frame is capable of delivering 35 J of energy. It is observed that
the masonry wall offered same amount of resistance up to 7 hits, i.e. 18 kN as peak force, see
1
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Fig. 1(b). The resistance of the target was found to be same upto 7th hit however the damage
keeps on increasing with increasing number of cycles, see Fig. 1(c). At last, a complete
horizontal cracks on the lower part at 11th hit was observed, see Fig. 1(d).
3. NUMERICAL MODELLING AND VALIDATION

Force (kN)

The target was modelled as deformable body whereas the impactor was modelled as rigid body.
Drucker-Prager and traction- separation law which is readily available in ABAQUS materials
library has been implemented to model the hardening behaviour and brick-mortar joint interface
of clay bricks respectively. The Drucker-Prager and traction- separation law properties of the
masonry structures were available in [6]. Overall, the predicted results was found in good
agreement with the experimental results, i.e. trail 6 and 7, see Fig. 2(a-b). The force versus time
response was predicted from the simualtion and and found to be matcing very well. The masonry
walls tends to absorb energy despite large plastic displacements owing to the cohesion between
brick-mortar interface and at the boundary.
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Fig. 2. Failure surface of (a) experiment and (b) simulation and (c) comparison of experiment and simualtion

4. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

The predicted results was found in good agreement with the experimental results. The resistance
of the target was found to be same upto 7th hit. The first crack was observed in bed joint of 6th
course from top of the wall. It is observed that, masonry walls results into same amount of
resistance up to 7th hit, however the damage was found to increase with increase of number of
hits and failed completely at 11th hit.
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1. INTRODUCTION & OBJECTIVE

The Ceramic Matrix Composites (CMC) are prone to internal cracks due to the elevated
temperatures involved in their post-processing. The matrix is of brittle nature and the cracks
will develop in the matrix and for the analysis purpose the cracks can be assumed of uniform
distribution in the material. When these materials are subjected to cyclic stresses, the fibers in
the neighborhood of these cracks will slip and slide producing heat due to friction. This heat
increases the surface temperature of the material and that can be correlated to the density of
the cracks. The work attempted in this paper explains a procedure to obtain the correlation
between various parameters like crack densities, cyclic frequency, surface temperatures, fiber
volume fraction and mean stress. The results from the parametric studies has showed that
some of the parameters have a linear relationship where as some has exhibited a non-linear
relationship.
2. METHODOLOGY
The modulus of elasticity of the material is determined as a function of the interfacial shear
stresses, matrix crack spacing and the residual thermal stresses in the fiber. Residual thermal
stresses are evaluated accounting for the effect of temperature on the properties of the
constituent materials. A simple relationship between the modulus of elasticity and the matrix
spacing is obtained. Combining the two solutions referred to above, the modulus of elasticity
can be eliminated and a single equation relating the matrix crack spacing to the interfacial
shear stress is obtained. A balance between the rate of heat flow and the rate of dissipation of
the frictional energy is employed, to obtain a relationship between the surface temperature and
the interfacial shear stress. The solution thus obtained provides a relationship between surface
temperature and matrix crack spacing that can be used to identify the extent of the damage.

3. SAMPLE RESULTS AND DISCUSSION
With the variation of crack density, the surface temperature varies as shown in the figure.
_______________________________
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Figure: Variation of surface temperature with crack density.

The figure shows that the increase in the surface temperature indicates the increase in
the crack density. This shows that the matrix crack spacing and the surface temperature are
inversely related. Similarly the influence of fiber volume fraction and the load frequency on
the surface temperature are also predicted and presented in the original paper.

4. CONCLUSION AND FUTURE SCOPE
The solution presented the theoretical background for a nondestructive detection of the
presence and density of matrix cracks in unidirectional ceramic matrix composite materials.
The detailed analysis is presented for the case of post-processing cracks. However, this
analysis can easily be extended for cracks developed in the intact material during life time.
The density of the matrix cracks and the interfacial shear stress can be evaluated using this
solution, based on the measurement of the surface temperature of the component subjected to
forced periodic vibrations.
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1. INTRODUCTION

The study of scaled-down low dimensional systems is imperative for understanding the
microscopic origins of the macroscopic laws. Amongst these are the near-equilibrium steady
state (NESS) models of the one-dimensional chains. The ends of the chains can be thermostatted
at different temperatures which facilitates heat flow. This model helps us to study the origins of
Fourier's Law. In recent decades, many such systems have been studied in detail [1-9]. The
model of alternating masses connected with each other through harmonic springs is one of them
[10]. With temperature gradient enforced and the chain in steady-state, the particles' kinetic
temperatures
take two values alternatingly. The heavier particles can have lower or
higher temperatures depending on whether there are even or odd numbers of particles in the
chain. This model can provide us with insights into the heat flow in many nanomaterials,
especially those with different masses along their lengths. The objective in this study is to
understand how the temperature profile and the thermal conductivity changes when the particles
of a chain have a finite size and can collide with each other. Unlike the pedagogical models
studied previously, our model is more realistic as two adjancent particles can never cross each
other. The collisions have been modelled through a soft sphere potential, which is added to the
Hamiltonian of the original chain. The temperature control is performed using the Langevin
thermostats. Four different ratios λ=ma/mb (where ma + mb =2) of alternating masses( λ = 1,2,3 &4)
have been used in the study.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
We can notice the effect of including collisions in the chain upon comparing the temperature
profiles produced on applying a temperature gradient. The presence of alternating masses causes
particles of the harmonic chain to have an alternating temperature profile. This effect is more in
chains with higher mass ratios. Incorporating collisions reduces these fluctuations. Furthermore,
collisions make the temperature profile more linear and reduce the boundary jump at the same
time. Therefore, one can conclude that the presence of collisions leads to local temperature
equilibrium in the chains. We have also computed the conductivity of the different chains by
time-averaging the heat current. We find a length-dependent thermal conductivity for the
original chains. However, the conductivity of chains with collisions approaches lengthindependence asymptotically, indicating a substantial modal energy redistribution in the chains
with collisions.
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Figure 1 The temperature profile of the chains obtained by plotting the time-averaged kinetic temperature of each
particle against the particle index i. λ indicates the mass ratio of the alternate particles. The dashed lines represent
the original harmonic chain's temperature profile without collisions, and the solid lines represent those of chains
with collisions. Figure a) is the temperature profile of chains with 64(even) particles, and b) shows the temperature
profile of the chain with 65(odd) particles.
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1. INTRODUCTION & OBJECTIVE

Acoustic Emission (AE) monitoring technique has been consistently and reliably used as an
efficient means of damage characterization tool providing the real-time information about the
condition of the structure without impairing its functional or material conditions. It utilizes the
transient elastic waves after each fracture occurrence, which is recorded by the sensors mounted
on the surface of the specimens. Micro-cracking in cement based materials initiates soon after
hydration and continues under applied loading. As the load increases, additional cracks form
and progressively coalesce and propagate through failure as proposed by Rafal Anay et al
(2018). Micro-crack initiation and damage estimation of concrete, mortar and cement paste have
been studied using non-destructive approaches including ultrasonic pulse velocity and AE.
Furthermore, AE parameters such as amplitude, rise time, average frequency, signal strength
and energy can be further analysed to determine the damage level and to characterise that
damage. Many researchers have developed techniques to determine damage level and crack
classification by means of AE signal parameters. Several parameters of the AE behaviour
inform about the damage stage within the material. These may be the cumulative AE activity,
which is related to the density of cracks and the emission energy which is connected to the
cracks’ intensity as suggested by Carpinteri A. et al (2013). Study of the AE activity at the time
of early-age hydration and also while testing the hardened concrete enlightens the fracture
process, enabling predictions on the remaining life.
In the present study, the authors focused mainly on the relationship between the early age
hydration characteristics with the damage parameter of hardened concrete. Three different
categories of cylindrical samples were taken into consideration viz, cylinders with varying
aggregate size(including Mortar and Paste), cylinders with different a/c ratio and cylinders with
different w/c ratio and AE data was collected for first 18 hours. This study explores the influence
of early hydration properties on the overall compressive strength of hardened concrete. It was
inferred that the damage parametrization in early age predicts the overall behavior and
compressive strength of samples in the hardened stage. Moreover, the constant trend of damage
parameter in each category of samples suggests that the compressive strength characteristics
can be predicted in early age itself. The results also showed that in concrete samples, cumulative
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signal strength follows the same trend as the damage parameter as such it can be also used to
predict the mechanical behavior of concrete samples.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
It was observed from the early hydration AE data that as the aggregate size increases the damage
parameter decreases, Fig.1 (e) & (f). With the decrease in value of damage parameter, the
compressive strength also decreases. The results also exhibited that samples with more
aggregate-cement (a/c) ratio show a decrease in damage parameter and consequently a decrease
in mechanical strength afterwards Fig.1 (a) & (b) It was also inferred from the experimental
data that more the water-cement (w/c) ratio, lesser will be the damage parameter and hence
lesser compressive strength. See Fig.1 (c) & (d). The results showed that knowing only the
damage parameter at early age, the civil engineer can predict the strength of the hardened
samples. The results also showed that other damage parameter, cummmulative signal strength
can also be used to determine the mechanical properties of hardened samples as both damage
parameter and cumulative signal strength follows the same pattern.

(a)

(c)

(b)

(f)
(d)

(e)

Fig. 1. Damage Parameter vs Time: (a).a/c=1 & a/c=0; (b). a/c=1 & a/c=0; (c). w/c=0.40 & w/c=0.45; (d). w/c=0.45
& w/c=0.6; (e). C-10, C-20 & Mortar; (f). Mortar & Paste
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1. INTRODUCTION & OBJECTIVE

Mineral admixtures are now widely used in the production of concrete along with chemical
admixtures for enhancing the desired properties. The widely used mineral admixtures are such
as fly ash, granulated blast furnace slag, metakaolin, and silica fumes.These mateterials are
processed to meet the required specifications of cement. Such type of industrial waste byproduct especially foundry sand produced by iron and steel foundries has been used for
replacing sand[1].It is established from many researches that pulverized untreated waste
foundry sand can be used as mineral admixture.Due to a lack of knowledge of possible
beneficial reuse, only 15% of foundry sand is recycled. The study of Waste Foundry Sand
(WFS) as a mineral admixture in concrete structures becomes more interesting. Ashfi et al. [2]
contrived the effect of silica fume as mineral admixtures on the different grades of concrete.
Gurumoorthy et al. [3] showed that WFS treated with 5% HCl increases the amount of silica
content and decreases the amount of iron content resulting in higher binding property than
untreated WFS.From laboratory test report, it is perceived that WFS sample contains 9.81%
iron oxide.WFS treated with 5% concentration of HCl contained 82.31% silica oxide and 3%
iron oxide.The mechanical pulverisation of WFS is used to bring the similar properties of
cement which set the motivation of the proposed study.
In the present study, Treated Waste Foundry Sand (TWFS) was pulverized to get Treated
Pulverized Waste Foundry Sand (TPWFS). Various experiments were conducted to study the
mechanical characteristics of concrete i.e. compressive strength, flexural strength, and
splitting tensile strength of concrete having TPWFS as partial inclusion of cement. The
concrete grade of M40 was designed and TPWFS was partially added to the concrete mix at
the rate of 0%, 5%, 10%, 15%, and 20% of the cement content.The experiment was conducted
on the concrete specimens at 7days and 28days curing period.The obtained results are then
compared with different percentages of replacement of TPWFS with a binder for each
proposed parameters.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS





The concrete containing Treated pulverized waste foundry sand is having more
strength than control concrete.
The compressive strength of concrete increases with the increase in percentage
inclusion of TPWFS up to 15% and then the result shows a slight decrease at 20%.The
increase in strength may be due to the presence of fine particles in TPWFS which can
help in reducing the void ratios up to a certain level.
The split tensile strength of concrete attributes maximum strength at 15% and then
gradually decreases at 20%. The possible reason for decrease in strength at 20%
replacement can be due to disturbance of particle packing of aggregates, or to more
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fine content at high replacement level and also it is suspected that TPWFS may
weakens the interfacial transition zone in the concrete.
It is observed that the maximum flexural strength of concrete found to be 26.22% more
than control concrete when 15% TPWFS replaced with cement.However up to 20%
inclusion of TPWFS the flexural strength is more than that of control concrete.
Chemically treated and pulverized TPWFS can be considered for developing
sustainable structural concrete.The experimentally obtained results of the present work
will provide references in the manufacturing of mineral admixtures as well as can save
the iron and steel foundries from the disposal problem and produce greener concrete
for construction.
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1. INTRODUCTION & OBJECTIVE

The precipitate hardened 2xxx series aluminum alloys are widely used in aerospace &
automotive industry due to their high strength-to-weight ratio, high strength, better corrosion
resistance & fracture toughness, better formability, and low cost. These properties make them
suitable for the applications where components often experience repeated complex load history
(symmetric/asymmetric) and adverse environmental conditions. The cyclic load excursion in
the plastic range may results cyclic plastic deformation of the material and low cycle fatigue
(LCF) is the major concern of cyclic plastic deformation phenomena which can lead to
degradation and failure of such components. Therefore, an accurate structural integrity requires
a deep study of low cycle fatigue behavior of matrial for safety purposes.
In this present study, strain controlled fully reversed (R = -1) low cycle fatigue tests were
conducted on aluminum 2024 alloy at the strain amplitude range from 0.50% to 1.40% at a
constant strain rate of 10-3/sec. To maintain the same strain rate for various strain amplitudes
(εa), different loading frequencies were chosen. The cyclic hardening/softening behavior was
also investigated.The finite element method based on chaboche kinematic hardening model and
Armstrong-Frederick isotropic hardening model was used to simulate the hysteresis loop.
2. RESULTS
The distribution of grain size in aluminum alloy 2024 was obtained by fitting the grains to an
approximate ellipse. The average ratio of major to minor axis of the grains was 6.25 in rolling
direction as shown in Fig. 1.

Fig. 1. The optical micrograph of AA2024 in rolling direction with grain size distribution.
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Fig. 2. Strain amplitude vs life curve.

Fig. 3. Stabilized stress-strain loop for 0.9% of strain.

The low cycle fatigue behavior of aluminum alloy 2024 at different amplitudes is plotted in Fig.
2. On Y-axis elastic, plastic, and total strain amplitude is plotted (εa) versus the number of cycle
reversals (2Nf) and the Basquin-Coffin-Manson model [1-3] was deduced for the same.
εa =

σ′f
E

(2Nf )b + ε′f (2Nf )c

(1)

Where, 𝜎𝑓′ , b, 𝜀𝑓′ , & c are the fatigue strength coefficient, fatigue strength exponent, fatigue
ductility coefficient and fatigue ductility exponents respectively, and their values for completely
reversed loading are 525 MPa, -0.065, 0.14 mm/mm, and -0.723, respectively.
Fig. 2 indicates that structural material under cyclic loading have both hardening and softening
behavior. This behavior of structures not only depends upon the material but also upon the strain
amplitude[4] and cyclic history i.e. pre-straining[5].
Further, the stable cycle of hysteresis loops are numerically modeled by chaboche kinematic
hardening plasticity model at 0.9% of strain amplitude (see Fig. 3) and found good agreement
with the experimental result.
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1. INTRODUCTION & OBJECTIVE

In today’s world, composite materials are becoming an essential part as they offer advantages
like low weight, high specific strength, corrosion resistance, and high fatigue strength. The use
of woven fabric composites is increasing as advanced structural materials. The strength of any
laminated composite beam or plate strongly depends upon the no of layers, orientation, and
material properties of the individual laminae. For unidirectional laminated composite although
the rule of mixture does not perfectly fit the desired output of getting different mechanical
properties along with transverse and in-plane directions, but the error associated with getting
the properties from Halpen-Tsai equation and the rule of mixture is not significant. Hence, we
used the rule of mixture. But unlike unidirectional lamina, the woven type lamina got some
special attention because of its complex design which makes it less straightforward to predict
the mechanical properties. Akkerman [1] derived the laminate mechanics for balanced woven
fabrics and it's micro-mechanical behavior. Woven laminated composite possesses higher
stiffness value in both the major axis directions and more material available to resist any kind
of volumetric changes in a single ply. Krishnamoorthy and Sasikumar [2] presented the analysis
and characterization of the tensile property of the composite specimens using ANSYS software.
The objective of this research work are follows
• Experimental stress and free vibration analysis of woven fiber laminated composite
beam of different fiber materials using LabVIEW software.
• Simulation for stress and free vibration analysis of woven fiber laminated composite
beam of different fiber materials using ANSYS software.
In this research work, the plain-weave laminated composite's behaviour is assumed to be very
approximated to cross-ply [00/900]s unidirectional laminated composite beam of the same
density. Naik and Shembekar [3] studied the elastic behavior of woven fabric composites
(lamina analysis). The composite beams are made using the hand lay-up technique and the
mechanical properties for woven fiber laminated composite beam are evaluated by testing the
samples in UTM. For unidirectional fiber laminated composite beam, the mechanical properties
found out by the rule of mixture, where the mechanical properties of individual fiber and matrix
material have been provided by the supplier.
In Figure (a) and (b) the experimental set up for present analysis has been shown. For the present
analysis clamped-clamped beam (length = 400mm, width = 54mm) has been considered. For
the stress calculation, the strain gauges are fixed at the center of the top fiber and bottom fiber
of the beam. To calculate free vibration frequency the accelerometer is attached at the center of
the beam.
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(a) Data Acquisition
System interface

(b) Experimental setup

(c) Results obtained
from LabVIEW

(d) Mode shape from
ANSYS

In Figure (c) the time history and frequency response of the kevlar fibered laminated composite
beam (4 layers) has been presented. From the frequency response curve, it is inferred that the
frequency of fundamental mode vibration is 23 rad/s. In Figure (d) the mode shape for the
fundamental mode of vibration has been shown for the same beam. The frequency is 26.87 rad/s.
The non-dimensional stress at the top and bottom fiber is found to be -2.07 and 2.07 from
experimentation. Those values are found to be -1.85 and 2.11 respectively from the simulation.
Mevada and Patel [4] conducted experimentation to determine the natural frequency for the
cantilever beam in LabVIEW software and compared the result from ANSYS. Some
conclusions drawn from this whole study are as follows.
•
•

While dealing with the frequency of the beam both the theoretical model and
experimental setup for some fibered composite beam of different layers gives the
approximated result.
The error associated with static analysis is because of the curvature and shape obtained
by the fiber in the manufacturing of plain-weave fabric.
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1. INTRODUCTION & OBJECTIVE

In the construction of building, framed structure with brick wall as cladding is the most
adopted form – which not only facilitates the progress of construction but also a reasonable
approach. But it has been observed that in the model the effect of the infill wall has not been
considered-rather detailing has been done with the output result of a bare frame model. In
reality with the infill wall stiffness of the frame has been enhanced-resulting in higher base
shear. To accommodate car parking it is the common practice to remove all the walls at
basement level. When the structure violates the stipulated clause of soft storey the effect of
ignoring soft storey becomes more detrimental. In reality the infill wall behaves like
compression strut between column and beam and force gets transmitted from one node to
another. So far parametric study has been carried out with the ideal building configuration
ignoring the lift well and stair case. The lift well as well as the stair case has a considerable
effect on the output of the seismic forces in a multistory building. In this study the model has
been done considering equivalent diagonal method for the infill wall (URM) as stipulated in
relevant IS CODE [1]. Using STAAD-CONNECT software a 3-D model of G+10 storey
building has been analyzed with two different conditions- bare frame and frame with infill
wall (URM). It has also been observed also the torsional rigidity has been affected drastically
with the inclusion of infill wall in the model.
The building investigated in this study (fig.1) is a typical beam-column reinforced-concrete
frame building cladded with brick walls. The location of building is considered at Naharlagun,
Arunachal Pradesh which is under seismic zone 5 [1]. The grade of concrete and steel has
been considered as M25 and Fe500 respectively. The equivalent static nethod, response
spectrum method and time-history method were performed by using the finite-element method
in STAAD Pro CONNECT edition.
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Table 1- Output of Base shear and drift by different methods
Name of
the
method

Earthquake

Equivaent
static
method

As per Fig.2
[3]

Response
Spectrum
Method

As per Fig.2
[3]

CQC
METHOD
Time
History
Method

Site Specific

Frame
Type

PERIOD
(SEC)

Natural
frequency
(Hz.)

Base shear
(kN)

Storey
Drift (mm)

X

Z

X

Z

Bare
Frame

2.39

0.418

3469.90

2600.0

6.87

6.26

Infill
frame
(URM)

0.75

1.330

3819.60

2862.07

0.574

1.13

Bare
frame

2.39

0.418

3387.70

2538.39

5.88

5.22

Infill
frame
(URM)

0.75

1.330

3725.62

2791.67

0.53

1.07

Bare
frame

2.41

0.414

3607.45

2534.75

5.96

5.38

Infillframe
(URM)

0.72

1.39

3957

2760

0.56

1.1

Generally due to horizontal drift the bonding between brick wall with beam and column is
separated out and as result the consideration of brick wall as strut member will not remain
valid. Frame is modeled using solid element in ANSYS workbench to detail the junction of
beam column along with brickwall to validate the junction behaviour.

Fig.3 Maximum stress at different corners

Fig.4 Maximum deformation as different corner
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Abstract
Ejector expansion transcritical refrigeration systems, in general, have advantage over
conventional transcritical refrigeration systems. A CFD based 3D visualization and
investigation of transonic two-phase flow phenomenon for R-744 inside an ejector is presented
in this paper. Specific enthalpy as enthalpy-based formulation and a pressure function are
implemented by defining density, dynamic viscosity, diffusion coefficient and other real gas
properties in commercially available CFD software package utilizing subroutines. The
simulation model shows good agreement with published experimental results in available
literature. Three different motive nozzle-exit positions are investigated. A nozzle exit position
which is adjacent to the beginning of mixing section is found to have higher pressure rise due
to better mixing.
1. Introduction
Adaptation of R744 in refrigeration has evolved new cycle configurations as well as component
design to enhance system performance because to its specialties like lower critical temperature
and higher operating pressure [1, 2]. R-744 refrigeration systems operate in transcritical mode
for mild and warm climate which implies higher compressor work [3]. Further, higher
irreversibility associated with the isenthalpic expansion process from supercritical to
subcritical condition leads to poorer COP [4]. So as to lower large exergy loss associated with
contemporary expansion devices, an ejector expansion device has been proposed. Ejector was
introduced first time by Henry Giffard, to push liquid water to the tank of steam engine boilers
in the form of a condensing-type injector in 1858 and later we find a patent for refrigeration
application [5]. Since then, ejector has been examined extensively for a large assortment
cooling and heating applications [6].
2. System Modelling
Flow domain of ejector is required to be discretized into grids to solve the fluid governing
equations. Grids are generated using Ansys ICEM CFD grid generation tool. Fig. 1 shows
sample of the grid structure used in domain discretization. Tetrahedral grids are used,
refinement in meshing is also provided. The final grid size contains 176572 cells.

Fig. 1: Grid structure and domain discretization

3. Result and discussion

Fig.2: Velocity profile throughout the ejector
Fig.2 displays the velocity profile over the ejector for three different cases. There is similarity
in velocity pattern for all three cases As expected, velocity is found maximum in the motive
nozzle. It settles down during the mixing of two streams inside the mixing section and
decreases in the diffuser section with an rise in density. However, magnitude of velocity is
found higher in the mixing section for case-III. It can be explained as the shockwave
propagation duration is higher for case-III. Overall conclusion is that shock-wave will travel to
longer distance when the nozzle exit position is near to beginning of mixing section.
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Abstract
The objective of this numerical approach is to investigate the wall shear stress for 2-D train model of different
geometrical configurations inside a tunnel on a CFD software package ANSYS. When a high speed train moves
inside a tunnel it arises various aerodynamic issues. In order to reduce the computational time and numerical
complexities, a 2-D model is first validated and then analysed for further investigation. This numerical work deals
with the analysis of wall shear stress at train and tunnel surface at different train speeds for various models of the
train. The κ-ε turbulence model is used for the modelling as this model gives satisfactory results for a 2-D model
based on the literature review. A 2-D steady analysis has been done by considering the air as incompressible.

Keywords
Train, Tunnel, Wall shear stress, κ-ε turbulence model.

Introduction
When a high speed train passes through a confined space such as tunnel it causes various problems such as high
pressure fluctuations which increases the pressure drag [3]. The space between the train and tunnel surface
contains the air which causes frictional resistance on the surfaces of the train and tunnel. The train inside the
tunnel behaves like a loosely fitted piston-cylinder arrangement [2]. This frictional resistance causes the viscous
drag. Thus the investigation of wall shear stress on the train and tunnel surface becomes a major area of concern
for the present work. This analysis has been done on CFD software package ANSYS Fluent.

Geometrical configurations
2-D train models with three shapes of head and tail (i.e. blunt, hemispherical and triangular) have been considered
for the analysis as shown in Fig. 1 and 2. The model taken for analysis is first validated with the previous published
work of Yaoping Zhang [1] and a grid independency test has been conducted. Further the analysis is done on the
various models. A 2-D train is considered stationary and air is flown over the train inside a tunnel with the velocity
of train as done in case of wind tunnels.

Fig. 1 Schematic model of train taken for validation (unit m)

Fig. 2 Schematic model of blunt, hemispherical and triangular 2-D train models
Indian Institute of Technology Kharagpur

1|P age

Fluid Mechanics (FM)

Results and Discussions
Wall shear stress is the tangential drag force produced by air moving across the surface. It is a function of the
velocity gradient of air near the surface. Its magnitude is directly proportional to gradient of velocity and air
viscosity. The curves shown below depict the variation of wall shear stress along the top of the train surface at
different Reynolds numbers for different shapes of the train. The variation of the wall shear stress with the
Reynolds number by varying velocity of air from 25 m/s to 50 m/s is shown in the below figure. These curves
depict that as the Reynolds number or velocity of the train increases the wall shear stress also increases.

Fig. 3 Variation of wall shear stress on the train surface at different Reynolds numbers for (a)blunt train,
(b)hemispherical train and (c)triangular train
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In case of blunt train a drop is observed at head due to wake zone formation at the top of the surface near the head.
The wall shear stress at the train surface along the length is approximately same for all the shapes of the train but
its variation at the entry and the exit is different for all the shapes. Similarly the wall shear stress at the surface of
the tunnel is computed and shown in the below curves. The length taken for analysis is 40 m. The maximum wall
shear stress at the tunnel surface is observed in case of blunt shape of train and least in case of hemispherical
shape train.
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1. INTRODUCTION & OBJECTIVE

Hydrodynamic thrust pad bearings find applications in industrial machineries like steam
turbines, hydrogenators, large-sized pumps, ship propulsion systems, and nuclear reactors to
sustain and guide the axial/thrust load. These bearings transfer the axial/thrust load from the
rotating component to stationary pads through a thin lubricating film as shown in Fig. 1(a). In
recent years, water-lubricated thrust pad bearings have gained the attention of researchers due
to their low friction, low pollution, high specific heat and good damping characteristics [1].
However, water-lubricated thrust bearings suffer from low load-carrying capacity in
comparison to oil-lubricated thrust pad bearings.

Fig. 1(a) CAD model of sector-shaped pad thrust bearing; (b) Coordinate system used in the analysis

It is found that great efforts are being made by researchers to improve the performance of
these types of bearings by modifying the pads’ surface (which involve pockets, profiles,
grooves, dimples etc.) at the micro/macro scales [2-9]. The advantages of pads’ surface
modification reported in the literature motivated the authors to employ a new pocket design in
the pads’ surface of thrust bearing. Therefore, present paper aims to improve the load-carrying
capacity and friction coefficient of thrust pad bearings by employing new pocketed pads.

2. METHODOLOGY AND RESULTS
Governing equations have been discretized using the finite element method (FEM) and
resulting algebraic equations have been solved by employing Fischer-Burmeister-NewtonSchur (FBNS) algorithm [10]. The coordinate system used in the analysis is shown in Fig.
1(b). Three-dimensional (3-D) pressure profile for the new pocketed pad is shown in Fig. 2(a).
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Figure 2(b) shows the two-dimensional (2-D) pressure profiles (at the mean radius of the
bearing along circumferential direction) in the lubricating film of new pocketed, pocketed and
conventional pad of the bearing. Based on the numerical investigations of the new pocketed
pad, it is found that the load-carrying capacity has increased by about 107% and the
coefficient of friction has reduced by 48%.

Fig. 2(a) 3-D pressure profile for new pocketed pad bearing; (b) 2-D pressure profiles; [input data: R1=0.1665
m, R2= .219 m, η=0.001 Pa-s, h1=150µm; h2=50μm, hd= 250 µm, θ0=350]
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A CFD study on conditional flow analysis of Boeing 737 and
Boeing J aerofoil
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1. INTRODUCTION & OBJECTIVE

Aerodynamics is a part of a science that deals with the analysis of flow over a body. The
evolution of CFD has become more accurate and faster method to predict the parameters and
results associated with a flow problem. The flow over an aerofoil is the most important thing to
design a wing of aircrafts, missiles, vehicles and other aerodynamic bodies. The analysis of a
flow of a compressible fluid is always complex and it consists of different terms but using of
ANSYS has made it effective as it investigates every parameter more thoroughly than any
experimental method. Computational Fluid Dynamics gives a qualitative and quantitative
prediction of fluid flow by means of mathematical modeling, numerical method and software
tools.
The two main important parameters on which the lift and drag force are dependent upon, are
inlet velocity (velocity of the domain which is experienced by leading edge) and angle of attack.
Boeing 737 and Boeing J aerofoil were taken for this study. The present work was carried out
at different values of the angle of attack equal to -50, 00, 50, 100, 150, 500, and 700. Different
inlet velocities were taken as 100m/sec, 125m/sec, 150m/sec, 175m/sec, 200m/sec, 225m/sec
and 250m/sec. RNG k-epsilon model and SST k-omega model were used to calculate lift and
drag force..
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Total simulation is done using two different turbulence model, one is RNG k-epsilon model and
another one is SST k-omega model by keeping inlet velocity or angle of attack constant. The
outputs of the simulation are tabulated.
This turbulence model includes two extra transport equations to indicate the turbulent properties
of the flow and to counter convection and diffusion of flow but this model this model does not
perform well when large pressure difference exists in a system. In this model, k represents the
kinetic energy which determines the total energy in turbulence and ε represents turbulent
dissipation. This model is used for non separated flows cannot handle the stability issues due to
numerical stiffness. Here the data have been tabulated for lift and drag force by varying angle
of attack and inlet velocity. The data was captured from parameter set window by updating all
the desired inputs after solving the problem in fluent.
SST k-omega is an eddy viscosity model having two equations. Omega represents the specific
dissipation. SST can switch to k-epsilon behavior in free stream. Common problems associated
to k-omega model can be avoided like the model is sensitive at inlet in terms of free stream
turbulence properties. This SST k-omega model can be implemented for those systems having
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high pressure gradient and separating flow. In this model, the variation of lift and drag forces
are calculated by varying angle of attack and inlet velocity. The data was captured from
parameter set window by updating all the desired inputs after solving the problem in fluent.
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Analytical and Numerical Investigations on Entrainment in Jet Flows
A. Kartheeswaran and T.J.S. Jothi
Department of Mechanical Engineering, National Institute of Technology Calicut 673601 India

ABSTRACT
The present study focussed on entrainment behaviour of a plane jet at Re=100 in near field region.
Analysis is carried out by ANSYS-FLUENT to find out jet flow characteristics and velocity profile
in different downstream location at different Reynolds number Re= 100,250,750. At low
Reynolds number, near field region having large size vortices and it gets deformed for conserving
vorticity transport equation, so that deformation helps to spreading the jet very large manner
compared to high Reynolds number, where high Reynolds number have vortex diffusion occurs
very faster than vortex stretching and also turbulent region attains quickly in jet flow. In low
Reynolds number, decay of the centreline velocity was reduced much faster due to poor turbulent
mixing. Using entrainment governing equation to find out entrainment discharge rate and
cumulative entrainment by analytical methods. Entrainment rate is constant from nozzle exit to
x/d<25 at Re=100 and also vortex enlargement in shear layer from that region follows constant.
Slope of entrainment rate will be reduced after x/d>25 because vortex stretching and deformation
takes place.
METHODOLOGY
In present study numerical analysis was consider as a 2D only because in near field region
entrainment effect on smaller side of the rectangular nozzle is negligible at low Reynolds number
condition, so no use to carried out analysis in 3D.Geometric model of tank with dimension of
720mm× 450mm. in plane jet flow analysis, smaller side of rectangular nozzle as a characteristics
length. Dimension of characteristics length of nozzle is d=2mm.The 2D steady-state Reynolds
averaged Navier- Stokes (RANS) equations are used to predict the velocity field and pressure field
respectively. The K-epsilon turbulence model with pressure scheme is used to find out velocity of
jet at each and every nodes. The detailed boundary conditions for all cases
Solver type
Pressure based
Turbulent model

K-epsilon

outlet

Pressure outlet(1.013 bar)

Fluid

water

viscosity

8.9× 10−4 Pas

Table No 1: Boundary condition

Mean Velocity Profiles:
By observing figure 1, non-dimensional radial mean velocity profile is change up to x/d=25 after
that region mean velocity profile acts as a self-similar, It follows Gaussian curve as a literature
review. In that region flow is independent to nozzle cross sectional shape and inlet condition as a
jet loses memory. Even self-similar region after y/d>5 profile is not getting similar along
downstream due to entrainment mixing with jet fluid
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Fig No.1: Radial variation of mean velocity at Re=750

Spread Rate and Decay Rate:
Spread rate decreases as Reynolds number increased due to high value of vortex diffusion term it
should not allow the vortex stretching and also good turbulent mixing in jet. For effective mixing
of entrainment fluid in jet flow, in the way of centreline velocity reduces very slowly compared to
low Reynolds number which have poor turbulent mixing.
Reynolds number
750
250
100

Decay rate
0.027
0.012
0.008

Spread rate
0.21
0.24
0.27

Table No 2: spread rate and decay rate of plane jets

Analytical Model of Entrainment Rate:
Mass balance equation on the differential control volume entrainment in jets
∫

𝜕𝑄𝑎
𝜕𝑥

𝑑𝑥 = 𝑑𝑄𝑦 (x, Y)

……1

Using mass balance equation to find out entrainment rate with the help of mean velocity profile,
decay rate and spread rate
Entrainment Effect in Near and Far Field Region:
In low Reynolds number Re=100, both near and far field having different action in entrainment
discharge rate. In far field, outer region of the jet having less chance to form a vortex because
relative velocity between jet and ambient fluid is very less so shear layer effect is negligible. But
in near field region have large size vortex formed due to high value of relative velocity between
them. For that reason entrainment rate is reduced along downstream of the jet.
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Abstract: In This article a two layered fluid in microchannel is studied under the influence of
electric field. Here Fluid have two layers of different viscosity. Flow is peristaltic in nature and
electroosmotic phenomenon is occurring due to applied electric field. Electroosmotic flow is
an excellent mode for regulating flows. Peristaltic flow with applied electric field is governed
by Navier stocks equation, Poisson-Boltzmann and Nernst-Planck equation. The Non linearity
of governing equation reduced by means of Debye linearization, an approximation of long
wavelength and low/zero Reynolds number [2]. The resulting Linear differential equations are
solved analytically and exact solutions are obtained. In this study physical behavior of all the
parameters electro-osmotic parameter, Phase difference and Helmholtz-Smoluchowski
velocity are evaluated for velocity profile, pressure rise and volume flow rate.
Background: Microfluidic is heading towards maturity in both terms, development of
instruments (biomedical and peristaltic pumps) and publication of quality papers. Peristaltic
flow is accomplished with progressive waves of area contraction or expansion propagate along
the walls of a distensible channel or tube containing the fluid [1]. Physiological flow taking
place in human body are of peristaltic kind. For example, embryo transport within the uterine
cavity, movement of food bolus through oesophagus. To understand physics behind these flow,
analytic study of peristaltic flow in different geometry (geometries inspired from physiological
flow tubes) is paving the way.Applied electric field along a charge surface in ionic fluid
generate a body force on the ions which results in an electroosmotic force (EOF) and flow
taking place is termed as electroosmotic flow. This phenomenon is used for accurate control of
transportation of ionic fluid.
Method:
In our study, we have considered microchannel having ionic fluid of two different viscosity
and flow is peristaltic in nature. An electric field is applied across the microchannel.

Figure 1: A geometry of two-layered fluid through a microchannel with applied electric field
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Here , c and Ex denote the fluid density, axial velocity, and external electric field, respectively
and  is the viscosity having different value is inner layer and outer layer as:
Results:Figure 2 and 3 depicting the shape of interface and outer layer at different value of
Helmholtz-Smoluchowski velocity ranging from -2.5 to 2.5. In Figure 2 viscosity of inner
layer, µ1 is higher than viscosity of outer layer, µ2.
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Figure.2 The variation in the shape of the interface
and outer layer H1 , H 2 at value of viscosity

Figure.3 The variation in the shape of the interface and
outer layer H1 , H 2 at the value of viscosity 1  0.1, 2  10

1  10, 2  0.1 for Q  0.1,   0.65,

for Q  0.1,   0.65,   0.85,   0.5 at different
values of Helmholtz-Smoluchowski velocity.

  0.85,   0.5 at different values of
Helmholtz-Smoluchowski velocity.

Conclusion: The simulated model presented over here may provide deeper understanding into
electro-osmotic mechanisms for micro-scale applications including lab-on-a-chip devices for
flow mixing, drug delivery device etc. Results obtained in this article provide a more realistic
insight of varied viscosity Newtonian fluid because of combined effects of peristaltic waves,
electro-osmotic body force. Presented results will provide a benchmarking for more complex
computational fluid dynamics models.
References:
[1[. Latham, T. W. (1966). Fluid motions in a peristaltic pump (Doctoral dissertation, Massachusetts Institute of
Technology).
[2]. D. Tripathi, Shashi Bhushan and O. Anwar Bég, Analytical study of electro-osmosis modulated capillary
peristaltic hemodynamics, J. Mechanics in Medicine and Biology, 17, 5 (2017) 1750052 (22 pages). DOI:
10.1142/S021951941750052X.
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1. INTRODUCTION & OBJECTIVE

The main objective of this research problem is to investigate the effect of sinosoidal and nonsinosoidal (square, sawtooth and triangular) waveforms of internal heat source modulation in a
triple diffusive convection. The departures have been identified using a linear stability
analysis where an Oldroyd-B model is considered which suffices to analyze the behaviour of
the system due to the presence of viscoelasticity in the problem. By considering the case when
the heating as well as adding the solutes of a triple diffusive layer of fluid is from below,
correction Rayleigh number is obtained. The correction Rayleigh number that solely
determines how the triple diffusive convection can be controlled and in order to achieve this,
Venezian approach is considered which determines the eigenvalues of the problem. The
graphs have been plotted and analyzed for specific values of the physical parameters which
includes internal Rayleigh number, stress relaxation parameter, strain retardation parameter,
Prandtl number, solutal Rayleigh numbers and ratio of diffusivities for sinosoidal and nonsinosoidal waveforms. It is observed that for small values of frequency of modulation, square
waveform is more stable and for larger values of frequency of modulation, sawtooth
waveform is more stable. Limiting cases for viscoelastic liquids has been tabulated.
From the Fig.1, it is noticed that increasing the solute concentration Rs 1, increases the
magnitude of critical Rayleigh number R 2C . This is because solute concentration when added
from below, settles at the bottom of the system without causing any disturbance in the system.
As a result of which, it decelerates the convection onset. It is observed that triangular wave
form overlaps with sawtooth wave form. It is also observed that, R 2C initially decreases with
the increase in Ω and reaches its minimum value for Ω = 5.2 (approx.). With a further increase
in Ω, R2C increases and reaches zero for large values of Ω. This indicates that the effect of
modulation destabilizes the system for Ω < 5.2, stabilizes for Ω > 5.2 and obtains maximum
destabilizing effect for Ω = 5.2.
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Fig 1. Plot of variation of R2C with Ω for different values of Rs1 for sinosoidal and non-sinosoidal waveforms
Table 1. Variation of cirtical Rayleigh number for the limitng case of visocleastic liquids by considering
different Rs1 and fixing the values of all the other parameters involved in the study
Trigonometric Cosine Waveform
Rs1

Rs2

R2C for Newtonian

R2C for Maxwell

R2C for Oldroyd-B

R2C for Revlin-Erickson

50

100

-0.0017

-0.0016

-0.0010

-0.0104

150

-0.0028

-0.0024

-0.0016

-0.0180

250

-0.0041

-0.0034

-0.0022

-0.0275

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The results obtained from the study is stated as follows:
1. The parameters destabilize are Λ1, τ1, τ2, Ri while the parameters that stabilize the
system are Λ2, Rs1, Rs2, Pr
2. Internal heat source modulation can either have a stabilizing effect or a destabilizing
effect depending on the chosen value of frequency of modulation and appropriate
wave forms
3. Square wave form for smaller values and sawtooth waveform for larger values of
frequency of modulation Ω is found to be more stable
4. From the Table 1. we notice that the magnitude of critical Rayleigh number shows that
Revlin-Erickson liquid is the most stable liquid and Maxwell liquid is the most
unstable liquid which holds true for every wave form involved in the problem.
REFERENCES
1. H. B´enard, “Les tourbillions cellulaires dans une nappe liquid transport ant de la chaleur par convection
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ABSTRACT
Mass transfer in Sisko Ferronanofluid over a permeable surface in the presence of a prescribed
mass flux is investigated. The effect of chemical reaction on the flow field is analyzed
mathematically. The three ferroparticles Nickel Zinc ferrite (Ni–Zn Fe2O4), Manganese Zinc
ferrite (Mn1/2Zn1/2Fe2O4) and Cobalt ferrite (CoFe2O4)are considered with water (H2O) and
Ethylene Glycol (C2H6O2) as base fluids. The numerical approach Runge-Kutta-Fehlberg
method is used to solve momentum and concentration equations. The effect of different
associated parameters on concentration and Sherwood number is studied with the help of
graphs and tables. The present findings show that the mass transfer rate of Sisko
Ferronanofluid Ni-Zn Fe2O4 - H2O and CoFe2O4- H2O is higher than that of Ni -Zn Fe2O4 C2H6O2 and CoFe2O4- C2H6O2 respectively but it is opposite in the case of Mn - Zn ferrite.
Keywords: Permeable surface, Siskoferronanofluid, Chemical reaction, Mass flux.
Subject Classification: 76D05, 76D55, 76W05, 76S05, 76R10

Significance of the Work:
This research is primarily aimed at developing a mathematical model of prediction for
Mass transfer, fluid flow and related processes. In short, among all the different methods of
predictions, the mathematical solution offers great promises. In this work Mass transfer
analysis of Siskoferronanofluid in the presence of prescribed mass flux is investigated. The
consequence of Chemical reaction of a fluid through a permeable stretching surface is
analyzed. The three types of ferroparticles Nickel -Zinc ferrite (Ni – Zn Fe2O4) , Manganese –
Zinc ferrite (Mn-Zn Fe2O4) and Cobalt ferrite (CoFe2O4) are considered with water (H2O) and
Ethylene Glycol (C2H6O2) as conventional base fluids. The numerical technique Runge –
Kutta – Fehlberg method is used to solve the Momentum and Concentration equations. The
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influence of various pertinent parameters on the flow field is studied with the help of graphs
and tables. The present results conclude that the mass transfer rate of water based
Siskoferronanofluid is higher than the Ethylene Glycol based Siskoferronanofluid.
The numerical results of Sherwood number are taken for a comparison study with the
earlier outcomes and all the research problems in this research work are validated for their
accuracy. They are found to be in good agreement with the existing results.
The relevant conclusions are mentioned at the end of the paper. A brief summary of
the contributions of the research of the present work are given in the Results and Discussion
session.
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1. INTRODUCTION & OBJECTIVE

In Sundarbans, seaward regions of strongly tidal estuaries, especially in shallow estuaries (depths about 6 m),
increase in tidal dissipation during propagating surge water through the channels likely to lead to changes in
surface sediment distributions with attendant impacts on habitats. This year, during the super cyclone Amphan,
the sea-facing islands (Patharpratima, G-Plot) along with mangrove-swamp system in Dhanchi Reserve Forest,
on the Jagaddal River Estuary, mainly the western sector of Sundarbans were the worst hit. This study addresses
the question of how tidal variation in estuary response to vulnerabilities during such extreme sea level conditions.
The aim was to determine the vulnerability conditions based on mass flow, energetics and controlling factors of
tidal hydrodynamics in mangrove estuary. This study provides a framework to parameterize the indices for
vunlnerabilities in estuary based on energetics. The vulnerability indices are further analyzed by machine
learning algorithm to determine risk-based criteria both identifying most vulnerable, risk-prone zones in the
estuary. Indeed, this methodology would beneficial for decision making strategies and risk mitigation measures.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The tidal constituent bands that emerge from the harmonic analysis of the data, derived from The Sundarbans
Estuarine Programme, undertaken during 18-21 March 2011 (Chatterjee et al. 2013), serve as the principal
database to study the tidal hydrodynamics in the present study (Goutam, K.S. et al.2015). Tidal energy
dissipation by bed friction occurs at the rate
per square metre ( is the density of water). At any estuarine
channel of depth, , the summation of all such upstream dissipation, DISS, is approximated by (Taylor, 1920; D.
Prandle, 2015):
, where
is the phase difference between tidal elevation and current
is the linearized friction coefficient and , tidal frequency.
amplitudes.
Fig. 1 shows values of DISS as a function of depth, tidal elevation amplitude, current, bottom drag force and
along channel variation. The areas of stronger tidal current and weak drag force are more vulnerable due to
higher tidal dissipation energy. Clearly, the mangrove - swamp system near Dhanchi forest (14 km from mouth)
and river confluences (towards Ramganga; between 16 to 18 km from mouth) add drag force to tidal stream
dissipates the tidal energy and make the region less vulnerable.
Next step is the classification of tidal energetics determined by the summation of all such upstream dissipation,
DISS. The along-channel dissipation pattern in Jagaddal is controlled by tidal water depth, current, water level,
friction and drag force. The independent variables used for classification were tidal elevation and current,
linearised friction coefficient, bottom drag coefficient, depth and along-channel distance.
Six conditions have weighted by machine learning algorithm. It is found that in the tidal mangrove estuary
like Sundarbans, tidal current and drag force play dominant role in tidal variation as well as in distribution of
upstream tidal energy (Figure 1). We measure the vulnerability based on upstream tidal energy and rank Jagaddal
River estuary from mouth (Indrapur, closest to bay) to head (Ramganga) in six categories (AAA, AA, A, BBB,
BB, B; See, Figure 2.) based on the best conditions weighted by machine learning algorithm. When DISS=8995
kw, the most probable vulnerability indicated is of rank 'BBB'. DISS, between 8995 kw to 13e+3 Kw, the
vulnerability accelerates from 'B' to further high category ('AAA'). For DISS>=17e+3 there is much higher
probability for the estuary towards severe vulnerability category ('A', 'AA', and 'AAA') exists. When
DISS<8995kw, then the role of bottom friction comes into action. The undulation in river-bed due to sediments
and mangrove swamp leads to asymmetry in tidal duration and water level elevation. For this, higher bottom drag
force (st>=0.0011,in Fig.2) moves water mass from Dhanchi towards north (i.e.., Patharpratima) and south (i.e.,
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G-Plot). The impact of upstream dissipation is severe in these regions (Fig. 1). The probabilistic estimation for
six weightage conditions suggest that the Jagaddal River estuary lies in low to medium vulnerable conditions ('B',
'BB', 'BBB'). The interdependence of the controlling parameters need to be further investigated to get determined
more specified conditions for vulnerability in Jagaddal river estuary.
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1. INTRODUCTION & OBJECTIVE

An unsteady free convection MHD flow of a rotating viscous electrically conducting fluid in a
vertical channel partially filled by a porous medium in presence of radiation effect is considered
and analysis has been made to study the pattern and the effects of magnetic field when the entire
system rotates about an axis normal to the channel plates. It is assumed that the conducting fluid
is gray, emitting-absorbing radiation and non-scattering medium. The two infinite vertical
porous plates are subjected to experience a constant injection velocity at one plate and the same
constant suction velocity at the other plate. The Rosseland radiation flux model is employed
which gives good simulating results.
A cartesian coordinate system is assumed and z-axis is taken normal to the plates while x and y
axes, respectively are in the upward and perpendicular directions on the plate z = 0 . Two vertical
plates are situated at z = 0 , z = d . The origin is taken at the plate z = 0 , and the channel is
oriented vertically upward along x-axis. Plates are infinite in extent to x and y directions. A
uniform magnetic field is applied normal to the plates and the magnetic Reynolds number is
considered very small. The dimensionless governing equations are:

For porous region:
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The governing equations are solved by regular perturbation technique. For the purpose of
discussing the effect of various physical parameters on the flow behaviours, numerical
calculations have been carried out by assigning some arbitrarily chosen specific values to the
parameters.
The theoretical investigation leads to the following conclusions:
(i) The imposition of the transverse magnetic field retards the flow.
(ii) Grashof number has significant effect on the fluid motion.
(iii) The fluid temperature and concentration rises with increase in the values of Prandtl
number and Schmidt number.

Fig. 1: Velocity profiles in x-direction U, u versus

 for  = 1, K=0.1, n=0.2, Re=5, Gr=5, Gm=5,

 = 0.01 , N=1, Pr=7, t=1, Sc=0.22

Fig. 2: Velocity profiles in x-direction U, u

 = 1, K=0.1, n=0.2, Re=5, Gr=5,
Gm=5,  = 0.01 , N=1, Pr=7, t=1, Sc=0.22

versus  for
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1. INTRODUCTION & OBJECTIVE

The tall building has to live by always fighting with nature. The wind load is an important parameter
that strongly effected all around the building surfaces. The researchers continuously implemented their
efforts to modify the building shape to reduce the aerodynamic effect on the tall building. The effect
of aerodynamic parameters on unconventional shape tall buildings is quite complicated compare to
the regular plan shape tall building. Most of the international codes presented the pressure coefficients
(Cp) of regular shape building and guided the wind tunnel study for unconventional shape building.
Wind tunnel study takes a long time and costly process. The parallel process is Computational Fluid
Dynamics (CFD) and this is a widely accepted process. Lots of researchers [1-2] already studied in
this package and validated with wind tunnel study. Nowadays the Artificial Neural Network (ANN)
take an interesting part in the machine learning world. The ANN tool predicts the required parameters
by training and testing of data set. This study focuses on the CFD and ANN methods to estimate the
Cp on setback tall buildings. At first, the 1:1:2 (length:breadth: height) square plan shape building
considered and estimated the Cp around the model like windward (WW), sidewall (SW) and leeward
(LW) faces for along and across wind conditions. A large number of pressure tapping points are
considered around the model surfaces and estimated the Cp. Furthermore, the dataset of Cp used to
train the network by 70-30 (Taring-Testing) ratio to calculate the trained Cp. The double-layer feedforward back propagation neural network considered to train a large number of data sets. Finally, the
mean pressure contour of different faces is plotted considered by CFD and ANN data sets. The results
of Cp validated with different international codes that satisfy the accuracy of results. After that, the
same study proceed to setback model and presented the pressure contour of mean Cp by CFD and
ANN methods.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The square plan shape building (SQ) and single setback building (SB) considered with the
same (L:B=1:1) and (L:H=1:2) ratios. The SB model has a single 20% setback (0.2L) at the H/2 level.
The along wind considered in Y-axis and across the wind in X-axis. The model detail shown in Fig.1.
The regression plot of the train (R=0.99908) and test (R=0.9978) datasets are highly acceptable and
shown in Fig.2. The face wise mean Cp of CFD and ANN data are plotted. A maximum of 1% error
found between those results shown in Fig.3. The results of Cp validated with different international
codes and presented in Table.1. Finally, the SQ and SB models are compared with the pressure contour
by CFD and ANN method and presented in Fig. 4. The following points are found in this study:
1
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1. The ANN is a powerful tool by which the researchers go further studies of the different
unconventional building models.
2. The cost and time of this type of study is negligible compare to the wind tunnel study and have high
accuracy.
3. The intermediate data easily estimated by test data with a good model of train data sets.

Fig:1 Detain of SQ and
SB model

Fig:2 Regression plot of (a) train and (b) test
data sets pressure coefficient of CFD and ANN
method

Fig:3 Comparison of mean face
pressure coefficient between CFD and
ANN method

Table. 1 Comparison of mean pressure coefficient (Cp) with CFD, ANN and international codes on the square plan shape
tall building
IS:875
International AS/NZS:
ASCE/SEI EN 1991-1- BS 6399-2:
(Part 3)- CFD
codes
1170.2 : 2002 7-10 : 2010 4:2005
1997
2015
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Fig:4 Face wise mean pressure coefficient between CFD and ANN method (a) SQ model and (b) SB model
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1. INTRODUCTION & OBJECTIVE
In practical combustors, turbulence-chemistry plays an important role in the evolution of
flame structure and emission characteristics. Accurate modelling of the different physical
processes existing at various level of turbulence-chemistry interactions is required, which may
provided predictions of flame characteristics such as local extinction, blowoff and emissions.
Among the available computational techniquessuch as direct numerical simulation (DNS) [1],
large eddy simulation (LES) [1] and Reynolds average Navier-Stokes approach (RANS) [1],
LES is a promising approach in capturing turbulence-chemistry interactions. In LES, large
scales energetic turbulent motions are computated directly, while the effect of small scale
eddies are modelled [2]. Previous works[3, 4] suggested that RANS based turbulence model
unables to predicts thelocal extinctions and reignition in turbulent flames accurately [6]. LES
model improves the fuel vapor distributions [7]. Many studies have been done which suggests
that LES is better than RANS because of accurate prediction of scalar mixing and dissipation
rate for non premixed turbulent combustion flames [8, 9].
In this paper, the main objective is to assess the performances of LES and RANS based
turbulence models of an opensource flow solver i.e. OpenFOAM in the predictions of flow
structureof a non-reacting propane jet.In non-premixed turbulent flames predictions of mixing
field, mixing between fuel and oxidizer, plays an important role for accurate predictions of
reacting scalars such as temperature and species mass fractions. The validated flow solvers
may further be used to incorporate various combustion models.In this study, initially k-Ɛ
turbulence model was used and the results were validated against the non-reacting propane jet.
The details of the experimental setup is given in theTable 1. Further, LES turbulence model
was used with two different meshes (case 1 and case 2). Total number of cells in case 1 and
case 2 are 1080 and 2160 thousand respectively.
Table 1: Details of experimental setup [5]
Quantity

Description

Test Section

0.2 m × 0.2 m

Jet tube exit diameter

0.006 m (D)

Propane Jet Velocity (U)

53 m/s

Propane Jet Temperature

294 K

Co-flow air velocity

9.2 m/s

Reynolds Number (based on ID)

68,000

b

Corresponding author:
E-mail: rudra@iitgoa.ac.in, Telephone: +918322490133
Indian Institute of Technology Kharagpur

1|P a g e

Fluid Mechanics (FM)

2. RESULTS
Figure 1shows
shows the predicted velocity fields at four different axial locations z//D =4, 15, 30 and
50 by RANS and LES turbulence models. It was observed that the RANS model underpredicts
the velocity field close to the center. LES model with less number of mesh (case 1)
overpredicts the velocity fieldat the downstream locations. Whereas
Whereas,, predicted velocity field
by the LES model agreed very well with the experimental data with increase in number
ofmeshes (case 2). Figure 2shows
shows the velocity contours for both RANS and LES simulations
at steady state.
The findings of this study concludes that LES simulation
simulationss give superior results as compared to
RANS but at expense of higher computational cost. The computational cost of LES was
approximately 52 times higher than that of the RANS simulations for the same number of
meshes.

Figure 1: Comparison of predicted radial velocity profiles with the experimental data at four different axial
locations for RANS, LES case 1and
and case 2. Case 1 has 300 cells in axial direction whereas case 2 has 600 cells in
axial direction

(a) RANS
(b) Case 1
(c) Case 2
Figure 2: Axial velocity contour for RANS and LES cases at the plane passing through centre and parallel to y-z
y
plane. Contours for LES cases are obtained by averaging instantaneous data over time.
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1. INTRODUCTION & OBJECTIVE
The responses of the tall buildings due to wind excitation can be found out by either wind
tunnel experiment or Computational Fluid Dynamics (CFD) analysis. While the wind tunnel
experiment gives reliable results, it is cumbersome, costly and time-consuming, whereas CFD
simulation is relatively cheaper and less time tedious. Though there is debate among
researchers about the reliability of this method, it can be easily overcome by validating a small
part of the analysis with wind tunnel results and adopting modern analysis methods and
practices. In the past decade, a lot of researchers have investigated the effect of wind
excitation on tall structures by either wind tunnel study or CFD simulation some which are
briefly highlighted here. Some researchers have performed aerodynamic and aeroelastic
analyses on the Commonwealth Advisory Aeronautical Council (CAARC) standard tall
building model are carried out using numerical CFD simulation to explore an effective and
reliable approach for evaluation of wind effects [1, 2]. A few sets of wind tunnel experiments
have been carried out to determine aerodynamic forces and wind pressures acting on squareplan tall building models with various configurations like corner cut, setbacks, helical etc. [3].
Interference effects on peak pressure coefficients between rectangular and square plan shaped
buildings have been investigated [4,5]. It can be noted that research is scarce on wind
interference effects on tall buildings except for square or rectangular plan shaped buildings. In
the current study interference effect on an octagonal plan shaped tall building due to the
presence of three tall buildings of square plan shape for 0° to 360° wind incidence angles are
investigated. The four buildings are arranged in ‘T’ pattern for this particular study. This
specific building arrangement has been chosen to explore the effect on the principal building
due to interfering buildings positioned at the side and downstream of the principal building.
The variations of force and pressure coefficients due to change in wind angle and the presence
of interfering buildings are portrayed.
The principal octagonal plan shaped tall building and the square plan shaped interfering
buildings are 30 m in width and 150 m in height. The buildings are arranged in ‘T’
configuration with a distance of 60 m among them. The building setup is depicted in Fig. 1.
The wind incidence angle θ is varied from 0° to 360°, as shown in the figure. The analyses are
conducted by numerical simulation by ANSYS CFX using shear stress transport (SST)
1
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turbulence model. The computational domain is constructed by following the recommendation
of Franke et al. (2004). The variation force and pressure coefficients in the interference
condition with respect to the wind incidence angle is captured. This variation is compared
against that of isolated state to reveal the interference effect of the three square plan shaped
buildings on the octagonal plan shaped tall building.

Fig. 1 T pattern building configuration in the interference condition

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The difference in variation of force and pressure coefficients with wind incidence angle for
isolated and interference case is found out. The disparities between flow patterns for both the
conditions are noteworthy due to the presence of the square plan shaped interfering buildings
in the close vicinity. The comparison of drag coefficients and lift coefficients are shown in
Fig. 2. The drag coefficient shows a slight variation for all the wind angles except for wind
angles 135° to 225°. The lift coefficient, however, exhibits notable difference for most of the
wind incidence angles. The variation between mean pressure coefficients for isolated and
interference case is present for all the faces of the octagonal plan shaped building. The
deviation is especially significant for faces C, D, E, F and G. The variation of pressure
coefficients for some typical faces of the octagonal building are shown in Fig. 3. The flow
conditions around the octagonal building, as well as the force and pressure coefficients, show
the interference effect induced by neighbouring square buildings.

(a)
(b)
Fig. 2 Comparison of (a) drag coefficient and (b) lift coefficient in isolated and interference condition
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(a)

(b)

Fig. 3 Variation of pressure coefficient with wind angle for (a) face C and (b) face D for isolated and interference
condition
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1. INTRODUCTION & OBJECTIVE

Energy is the prime requirement of human beings. As technology increases day by day, the
need for power also increases. Presently the focus on renewable energy sources has been
increasing, among which wind turbine plays a vital role. Savonius turbine (Savonius 1931) is
a vertical axis wind turbine that rotates purely due to drag force. It has many advantages like
simple design, excellent starting torque, easy installation; and also the cost involved for
maintenance, and installation is very less, compared to horizontal axis wind turbines. The
major setback of the Savonius turbine is less power coefficient. Alexander et al. (1978) and
Blackwell et al. (1977) studied the Savonius turbine's performance experimentally and
reported that the geometry modification can improve the power coefficient of Savonius
turbine. Omni-directional guide vanes are said to increase the power coefficient of the
Savonius turbine (Alli et al. 2019 and Ogawa et al. 1986). Two-dimensional numerical
analysis has been carried out using ANSYS Fluent 15.0. The two-dimensional model of
Savonius turbine considered in this study is shown in Fig.1(a), and the turbine with
omnidirectional guide vanes is shown in Fig.1(b).

(a)

1

(b)
Fig. 1: Two-dimensional representation of Savonius rotor (a) without guide vanes (b) with guide vanes
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2. RESULTS & HIGHLIGHTS
Additional guide vanes are introduced in this present study to further increase the power
coefficient of the turbine. These additional vanes are expected to increase the force on the
rotor's advancing blade by reducing the force on the returning side of the rotor blade. Omnidirectional guide vanes increase the power coefficient of Savonius wind turbine. Further, it
enhances the starting torque and acts as a protection device from strong wind. The guide vane
offers diffuser effect and serves as a wind concentrator and deflector. The guide vanes are
placed asymmetrically around the rotor, to reorient the entire wind direction towards
advancing balde. This reorientation effect has multiple benefits, namely reducing drag on the
return blade and increasing drag on the advancing blade. In the present numerical analysis on
the Savonius turbine, with omnidirectional guide vanes, the maximum power coefficient
(Cpmax) increases upto 35.8%, as shown in Fig.2 at TSR = 0.9. Additional vanes with
different angular positions are also analyzed and the performance of the turbine is found to
be improved. Further, the flow characteristics are analyzed using velocity contour and
pressure contours.
0.35
Without ODGV

Power Coefficient Cp

0.30

With ODGV

0.25
0.20
0.15
0.10
0.05
0.00
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Tip Speed Ratio
Fig. 2: Effect of TSR on power coefficient
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1. INTRODUCTION & OBJECTIVE

Miniaturized electronic components generate high heat flux that leads to rise in temperature of
the components. Under continuous operation, the temperature of the components may exceed
the permissible limit due to poor heat dissipation. Single phase liquid cooling and with fluid
subjected to phase-change are preferred for high heat dissipation compared to conventional air
cooling. Microchannels are used due to its more surface to volume ratio. In the present study,
three-dimensional numerical simulations are carried out using ANSYS Fluent 15 to analyze
the heat transfer and flow characteristics in smooth, partial wavy and full wavy wall
rectangular microchannels. Microchannel with the hydraulic diameter, Dh = 1 mm is chosen
based on the channel classification details collected from literature study (Celata et al., 2004
and Peng et al., 2007). The study has been conducted by fixing the parameters viz., wave
amplitude (A = 0.2Dh), wavelength (𝜆𝜆 = 6Dh) of the waviness on bottom wall. Thin walled
rectangular microchannel used in this present study is shown in Fig.1. The objective of this
study is to disturb the thermal boundary layer by incorporating waviness in the bottom wall
which enhances heat transfer rate with minimum pressure drop. Further, the effect of Re on
heat transfer characteristics in the presence of waviness on bottom channel is studied.
2. RESULTS & HIGHLIGHTS OF IMPORTANT FINDINGS
The numerical results of smooth wall channel are validated with the experimental results
available in literature. The length of the channel is 62 mm and channel cross section is kept as
1 mm ×1mm in order to maintain the channel aspect ratio = 1 and channel hydraulic diameter
= 1mm. Water is used as coolant and constant wall temperature boundary condition is applied
to channel bottom wall while remaining walls are insulated. Parabolic inlet velocity profile is
given at the inlet and zero pressure gradient is given at the outlet of the channel. The Average
value of axial Nusselt number and heat transfer coefficient in the smooth wall channel is better
along the flow direction up to a distance of approximately 20 mm from the inlet, compared to
remaining length in the downstream of the channel. Therefore, as shown in Fig.1b, the first 20
mm length of the channel is not modified, but the remaining 42 mm length of channel is
incorporated with waviness.
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Figure 1. Computational domain of microchannel (a) smooth wall (b) partial wavy wall (c) full wavy wall

The pressure drop values as shown in Fig. 2 are compared between smooth wall and wavy
wall microchannels for various Re values, 100 ≤ Re ≤ 1000. At low Re, the effect of waviness
on pressure drop is negligible. However, Nu values are found to increase even at low Re due
to increased surface area. Further, the analyses include centerline velocity variations, friction
factor variations, wall shear stress, averaged Nusselt number, and hydro-thermal performance
index for smooth and wavy walls at the bottom of the microchannel for various Re values.
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1. INTRODUCTION & OBJECTIVE

The earthquake responses of a massive structure like concrete gravity dam is greatly altered
by the hydrodynamic pressure generated at the upstream face of the dam during an earthquake
event. The dynamic analysis of a dam-reservoir coupled problem is essentially a fluid
structure interaction problem. Since the commencement of the Classical “added mass
approach” proposed by Westergaard [1] the dynamic responses of a rigid structure adjacent to
incompressible fluid was initiated. In the context to dam reservoir interaction several
researches have been conducted considering the flexibility of the dam body and
compressibility of the reservoir domain. There are basically two coupling approach to deal
with the dynamic analysis of dam-reservoir coupled system; namely direct or monolithic
approach [2, 4] and indirect or iterative approach [3, 4]. It is observed from the literatures that,
being iterative in nature, indirect coupling is sensitive to the pre-specified tolerance value for
converged solution and with increase in flexibility of the dam body the time taken to solve the
coupled problem is drastically increased. On the other hand, direct coupling method does not
suffer from such limitations. The main objective of the present paper is to obtain the seismic
responses of the dam-reservoir coupled system considering the direct coupling methodology
using the standard finite element method [5]. Newmark beta average acceleration algorithm
[6] is used for the numerical evaluation of the dynamic responses of the coupled system.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In the present study, displacement based plane strain finite element formulation for the dam
and pressure based finite element formulation have been considered for the reservoir domain.
Both the domains have been discritized with 8-noded quadrilateral elements. The equations of
motion of the reservoir, dam and the coupled system have been shown in equations 1-3.
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Where, R is designated as the coupling matrix [2].
The natural frequencies of the Pine Flat dam (California, USA), adjacent reservoir and the
coupled dam-reservoir system have been compared with the study conducted by Sami and
Lotfi [7] for the validation purposes and tabulated in Table 1. Finally the same MATLAB
based program has been implemented for the seismic analysis of the Koyna dam
(Maharashtra, India). The material and geometrical properties of the dam and its adjacent
reservoir have been considered from Gogoi and Maity [8]. The crest displacement of the
Koyna dam has been obtained for Koyna earthquake ground motion (1967) and shown in Fig.
1. The crest displacement response significantly altered when the fluid structure interaction
effect is taken into account. Responses signify the necessity for conducting dam-reservoir
coupled analysis of concrete dam under earthquake loading for better accuracy.
Table 1. Comparison of the first two natural frequencies (Hz) of the dam, reservoir and the coupled system

Mode
No.

Sami and
Lotfi [5]
3.15
6.48

1
2

Dam

Reservoir
Sami and
Present
Lotfi [5]
Study
3.11
3.11
4.75
4.76

Present
Study
3.18
6.43

Dam-Reservoir
Sami and
Present
Lotfi [5]
Study
2.53
2.55
3.27
3.30

Crest displacement (m)

0.05
0.03
0.01
-0.01
-0.03

Dam with empty reservoir
Dam with full reservoir

-0.05
0

2

4

Time(s)

6

8

10

Fig1. Variation of the crest displacement of the Koyna dam for the upstream reservoir

REFERENCES
1. H. M. Westergaard, “Water pressure on dams during earthquakes,” Transactions of ASCE.98, pp. 418-472,
1933.
2. O.C. Zeinkiewicz, P. Bettess, “ Fluid-structure dynamic interaction and Wave forces. An introduction to
numerical treatment,” International Journal for Numerical Methods in Engineering, 13, pp. 1-16, 1978.
3. D. Maity, and S. K. Bhattacharya, “A parametric study on fluid-structure interaction problems,” Journal of
Sound and Vibration, 263, pp. 917-935, 2003.
4. K. K. Mandal and D. Maity, “Comparison between direct and indirect coupling for seismic analysis of
fluid structure coupled system,” Asian Journal of Science and Technology, 6(12), pp. 2030-2042, 2015.
5. K. J. Bathe, Finite Element Procedures, Prentice Hall of India, New Delhi, 2009.
6. A. K. Chopra, Dynamics of Structure: Theory and Applications to Earthquake Engineering, Prentice Hall
of India, New Delhi, 2nd edition, 2007.
7. A. Sami, V. Lotfi, “Comparison of coupled and decoupled modal approaches in seismic analysis of
concrete gravity dams in time domain,” Finite Elements in Analysis and Design, 43, pp. 1003-1012, 2007.
8. I. Gogoi, D. Maity, “A novel procedure for determination of hydrodynamic pressure along upstream face
of dams due to earthquakes, Computers and Structures, 88, pp. 539-548, 2010.
Indian Institute of Technology Kharagpur
2|P a g e

st

1 Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/FM-20-022

Wind induced effect on different corner positions of corner
modified irregular plan shaped tall building
Shanku Mandala1, Sujit Kumar Daluib and Soumya Bhattacharjyac
a

Research Scholar, Department of Civil Engineering, Indian Institute of Engineering Science and Technology,
Shibpur, Howrah, India
b
Assistant Professor, Department of Civil Engineering, Indian Institute of Engineering Science and Technology,
Shibpur, Howrah, India
c
Associate Professor, Department of Civil Engineering, Indian Institute of Engineering Science and Technology,
Shibpur, Howrah, India

1. INTRODUCTION & OBJECTIVE

The progress in the construction technology to develop the high strength materials, updated
knowledge of structural responses along with highly advanced and powerful analytical
techniques and structural design approaches have enabled us to construct unconventional
shaped tall buildings which seem to be a centre of attraction in architectural perspective. The
main concern of the designers is to mitigate the wind effect on tall structures and build a safe
and economic structure for the residents by adopting various construction techniques, several
types of passive as well as active control devices, different types of local and global
aerodynamic modifications on shape and geometry of the building. The concept of
aerodynamic modifications has been introduced in early eighties on basic plan shape buildings
by Kwok and Bailey (1987). The modifications in corners on a square cylinder is effective in
aerodynamic force reduction as stated as Tamura et al. (1998). Gu and Quan (2004)
experimentally investigated wind effect on chamfered and recessed square and rectangular tall
building with different terrain category, aspect ratio and side ratio. Elshaer et al. (2014)
utilized computational fluid dynamics (CFD) to numerically study the effect of corner
modifications on the square building. The aerodynamic behaviour of regular plan shapes
buildings is well explored but very limited information is available for irregular buildings.
The objective of the present research is to study the effect of aerodynamic modifications on
widely used U plan shaped irregular tall building by CFD simulation. The sharp edges of the
building are replaced by the rounded corners. The variation in wind induced responses due to
the different corner positions has been investigated for 0° and 90° wind direction. The
comparison of drag coefficient and lift coefficient of those buildings has been illustrated to
understand the contribution of various corners in the reduction of wind load. The mean
pressure coefficient for different faces of those building has been measured. The horizontal
pressure coefficient around the perimeter of those buildings is also graphically demonstrated.
The accuracy of calculated responses through numerical simulation is checked by the grid
sensitivity study. The reliability of extracted data has been validated with previous research
article. Finally, the suitable position of rounded corner modification has been suggested.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The computational fluid dynamics (CFD) has been utilized to simulate the wind environment
by k-ɛ turbulence model. The building models (see Fig 1) has been modelled at 1:300
geometric scale and placed in a closed domain of spacing 5H from the inlet, sidewalls and
roof for analysis. The outlet of the domain has been placed at 15H from the building. The no
slip boundary condition is implemented for the building and the floor whereas free slip
condition is adopted for sidewalls and roof. The inlet velocity has been taken 10 m/s and the
power-law equation governs the atmospheric boundary layer (ABL) wind profile.

Fig. 1 Analytical building models for numerical simulation

(a)

(b)

Fig. 2 Comparison of Drag coefficient of the various building at different wind angle (a) 0° (b) 90°

The adaptation of rounded corners on a suitable position is beneficial over sharp corners
though it shows the effective minimiser of wind force. The outer edges of the limbs show
better aerodynamic behaviour. The internal corners have an almost negligible contribution to
wind load reduction. The remarkable variation in pressure coefficients on corners points
where flow separation occurs shows a clear indication that if a designer is going to adopt the
corner modifications, he should take extra care while designing the clad structural elements.
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1. INTRODUCTION & OBJECTIVE

COVID-19 challenged several norms followed before it became a pandemic. In populous
countries like India, products and services for the diverse nation were designed prioritizing on
the economic value of the product/service offered in various levels. Pandemic has shown that
the new normal will not the same as the previous one. So, the norms followed before
pandemic in terms of human interaction and proximity needs revision for the near future. One
such domain requiring significant revision is the public road transportation system.
The Indian Road Transportation Sector accounts for about 87% of passenger traffic (Ref1). Public transportation service is provided by public and private local transport corporations,
independently functioning in a locale to provide transportation service between the rural and
urban areas at various levels (Ref-2). Most of these buses are made up of chassis
manufactured by major Indian heavy vehicle manufacturers like TATA, Ashoke Leyland,
Eicher, SML etc. and vehicle body fabricated manually by local body manufacturers for
economic reasons. Considering several such bus designs and layouts, design of a typical
Indian bus as shown in figure-1 is considered for further study.
Figure 1: A typical public transportation bus model

Typically, in India, public transportation buses are crowded to overcrowded in usage; To
ease the same, Indian government is offering schemes to strengthen public transportation
system (Ref-3). Such a crowded transportation service possesses serious problem in enhancing
the spread of contagious disease through air. Xia et.al. (Ref-4) presented a study on droplet
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spread in a closed bus environment with internal air circulation vents. It is clear from their
study that internal flow needs prime attention to provide a safer public service. However, mass
transportation vehicle in a populous country like India is typically a non-AC bus as in the
figure-1. This necessitates for a study particularly focused on the internal flow of a vehicle
with series of opening ducts around the vehicle.
Hence, the objective of this study is to analyze and understand internal air flow in a typical
non-AC bus used for mass transportation using CFD tools. To achieve the same, this article
analyses the aerodynamics of the bus travelling at a speed of 40 kmph and the influence of
crosswinds up to 15% of the vehicle speed while all the windows and doors are open.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Numerical simulation was carried out in ANSYS Fluent. The domain was modelled and
discretized using tetrahedral mesh. The flow of air is considered to be in-compressible and
steady-state pressure-based solver was used with k-epsilon model. The convergence criteria
was taken as 0.001 for continuity and momentum equations. SIMPLE algorithm was used for
pressure and velocity coupling. The second order upwind scheme was used for
approximations. The mesh independency test was conducted for 4.5 million, 6 million, and 8
million number of control volumes and 8 million number of control volumes were used for
further study.
Preliminary results show that the internal flow is primarily driven by the circulation zones
formed externally towards the front end of the bus. Internal to the bus, there are two
symmetrical re-circulation zones in absence of crosswinds. In presence of crosswinds,
asymmetric circulation zone forms bringing-in plenty of fresh air through the windows facing
the crosswind.
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1. INTRODUCTION & OBJECTIVE

The viscous fingering (VF) of miscible flow displacements which occurs when a high mobile
fluid displaces a low mobile fluid in a porous media [1]. The effects of dispersion and nonmonotonic visocity profiles on the generation, form and growth rate of finger-like patterns, is
studied using both linear stability analysis. The effect of dispersion is explicitely studied using
a non-dimensional parameter known as Pé clet (Pe). We have considereda 2 dimensional flow
configuration with coordinate system. Initially the interface is located at 𝑥 = 0 shown as the
dashed line. Here H is the transversal length of the domain. In order to analyze the effect of
dispersion in the dimensionless problem containing the Péclet number, the characteristic
scales for length, time, velocity, pressure, concentration and viscosity are taken as
𝐻
𝐻, 𝑈 , 𝑈, 𝜇1 𝑈𝐻, 𝑐2 and 𝜇1 respectively.

Assuming that the fluids are Newtonian, incompressible, non-reactive, neutrally buoyant, and
the dispersion is anisotropic, the non-dimensional governing equations in a moving frame of
reference can be written as [2],
⃗,
⃗ =𝟎
∇∙𝒖

⃗ + 𝒆𝒙 ),
∇𝑝 = −𝜇(𝑐)(𝒖

𝜕𝑡 𝑐 + ⃗𝒖 ∙ ∇𝑐 = 𝑃𝑒 −1 (𝜕𝑥𝑥 𝑐 + 𝜕𝑦𝑦 𝑐)

(1)

⃗ is the Darcy’s velocity, c is the solute concentration, p is the pressure and 𝜇 is the
Here 𝒖
viscosity which depends on c. Here Pe = 𝑈𝐻/𝐷, D is the isotropic dispersion coefficient taken
throughout to be constant. The non-dimensional equations (1)-(3) are provided with no flux
boundary condition for c, Dirichlet type boundary condition for ⃗𝒖 and step profile as the
initial condition for c.
In order to identify some generic features of the displacement process that appear if the
viscosity-concentration relationship is non-monotonic, we employ the non-monotonic class of
viscosity profiles used by Manickam and Homsy [3]
𝜇(𝑐) = 𝜇𝑚 sin 𝜍 , 𝜍 = 𝜍0 (1 + 𝜂) + 𝜍1 𝜂, 𝜂 = (1 + 𝑎)𝑐/(1 = 𝑎𝑐)
 0  sin 1 ( /  m ),  1   / 2  sin 1 (1/  m ),    2 / 1,

a  (cm   m ) /(cm ( m  1)), m  (/2 -  0 )/( 1 -  0 ) .

Here  m and cm are the maximum of viscosity and concentration, respectively. Thus, the
nonmonotontic profile is characterized by a family of curves described by namely  ,  m and c m
1
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The base state of the system Eq. (1) is a time-deppendent which gives rise to a nonautonomous system. To overcome the effect of the time-dependent base state, we transform
the linearized equations in a self-similar co-ordinate system (see Ref. [2, 4] for details). To
study the growth rate of the linearized equations we used finite difference method and the
eigenvalues of the disceretized system provide the growthrate [4].
Fig. 1: For 𝛼 = 5, 𝜇𝑚 =
7.5, 𝑐𝑚 = 0.25, the base
state viscosity profiles has
shown for Pe =100 and
Pe=1000. The dashed
lines are corresponding
monotonic
viscosity
profiles.

Fig. 2: Neutral stability curve for For
𝛼 = 5, 𝜇𝑚 = 7.5, 𝑐𝑚 = 0.25. It is evident
that onset of instability is inversely
proportional to Pe for chosen parameters.

Fig. 1 illustrates the base state concentration (see inset figure) and base state viscosity profile
for mentioned values. For clarity we have choosen a particular value of 𝑐𝑚 . As the Pe value
increases the viscosity profiles becomes more steep. As Pe is inversely proportional to the
diffusion, we can obserfve it’s effect in Fig.2 which demonstrates that the onset of instability
(16 and160), critical wave number (0.014 and 0.01) and stability regions for Pe=100 and
1000, respectively. Phusically, it shows as the diffusion is slower, convections plays a
domainat role and hence the onset is earlier for the higher values of Pe. Further, investigation
is required for the effect of 𝑐𝑚 , 𝛼, and 𝜇𝑚 , along with 𝑃𝑒. The theoretical resuts will help the
petroleum engineers to simulate and estimate for effective oil recovery.
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1. INTRODUCTION & OBJECTIVE

With the dramatic increase in the installed capacity of wind energy in recent years, it has become
increasingly important to design efficient wind farms, so as to ensure effective utilization of this
installed capacity. Large-eddy simulations (LES) have played a key role in furthering our
understanding of the principles affecting efficient wind farm design1. The half-channel (HC)
configuration is often used as a surrogate for the full atmospheric boundary layer (ABL) in such
simulations2. Unlike in the ABL, effects of Corriolis and buoyancy forces can be neglected in
the HC configuration, and the flow can be driven by a mean pressure gradient force. This
simplifies the analysis significantly and enables examination of different parameters associated
with wind turbine and farm wakes, while also retaining its relevance to the conventionally
neutral boundary layer through simple transformations linking the imposed pressure gradient
and the geostrophic wind3. The height of the computational domain in such HC simulations
necessarily needs to be equal to the boundary layer height. Simulations with widely varying
vertical domain sizes have been reported in the literatre, ranging from 3D4 to 10D2, without
appropriate justification for the chosen domain size. The purpose of this paper is to quantify the
effect of the vertical domain size on the wind turbine wake recovery properties in HC
simulations of wind turbines.
LES of the flow over a wind turbine placed in a HC are performed using a concurrent-precursor
simulation method and computational code described in detail in Ref. 2. The flow is principally
along the x-direction. The domain extents in x and y directions are 28.8d and 4.8d, respectively.
Simulations are carried out with different vertical domain sizes (Lz/d = 3, 7) and with different
surface roughness values (z0/d = 0.0002 and 0.002). Turbine forces are modelled with a newlyimplemented rotating actuator disk (ADM-R) model4. A description of the four cases considered
is in the caption to Fig. 1. The baseline simulation (case A1) is set to reproduce the experiments
on minature turbines also used in Ref. 4. The grid spacing is such that the turbine disk is resolved
by 10 x 8 points in the y-z plane, which is sufficient to obtain converged results. All simulations
are carried out for 20 flow-through times and statistical averaging is performed for at least 40
flow-through times thereafter, which is sufficient to ensure statistical convergence.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Fig. 1 shows that the baseline simulation (case A1) results agree very well with the experimental
results. This serves as a validation of our numerical framework, including that of the ADM-R
implementation, since the mean velocities and turbulence intensities in the near-wake (x/d = 3)
as well as the far-wake (x/d = 5) region behind the wind turbine are accurately reproduced.
At the downstream locations (e.g., at x/d = 3, 5), case A2 results for the mean streamwise
velocity, 𝑢̅, are almost identical to the case A1 results, but differ significantly in the streamwise
turbulence intensity, 𝑇𝐼𝑥 = √̅̅̅̅̅̅
𝑢′ 𝑢′ /𝑢̅. The reasons for this can be traced to the profiles upstream
of the turbine (e.g., at x/d = -1). It is clear that the upstream 𝑢̅ profile is independent of the
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vertical domain size, while the upstream 𝑇𝐼𝑥 is dependent on the vertical domain size. It should
be noted that this dependence on Lz is a direct consequence of the fact that the boundary layer
height equals the vertical domain size in the HC setup, and of the theoretical relations 𝑢̅ =
′ 𝑢 ′ = 𝑢 2 (1.6 − 1.25 ln(𝑧⁄𝐿 )), where 𝑢 and 𝜅 are the friction velocity
̅̅̅̅̅̅
(𝑢∗ ⁄𝜅) ln(𝑧⁄𝑧0 ) and 𝑢
∗
𝑧
∗
and the von Karman constant, respectively.

Figure 1. Mean streamwise velocity (𝑢̅) and streamwise turbulence intensity (𝑇𝐼𝑥 ) at different locations in the
mid-y plane and for four LES cases. Symbols are experiments also used in Ref. 4. Case label and (Lz/d, z0/d)
pairs are A1: (3, 0.0002), A2: (7, 0.0002), B1: (3, 0.002), B2: (7, 0.002).

Cases B1 and B2 demonstrate that the dependence on Lz is further increased for larger z0 values.
This can be easily seen to be consistent with the above mentioned theoretical relations, and is
confirmed by our LES simulations.
The implication of the results presented here is that the vertical domain size must be chosen
carefully in LES of wind turbines using the HC setup to mimic the ABL. In the full paper, the
dependence on Lz will be demonstrated more exhaustively with other turbulent statistics, and
will also be demonstrated for wind farms. The expected outcome of this work is to enable
accurate simulations of wind turbine/farm processes by proposing guidelines for selecting the
appropriate vertical domain size, depending on the flow conditions and the quantities of interest.
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AIMS
Bioprinting is an additive manufacturing technique for generating tissue engineering constructs
and in vitro models of disease biology, where a 3D gel is deposited in a layer-by-layer manner to
produce the desired tissues or organs. Amongst different bioprinting processes, extrusion based
bioprinting is most conveniently used in which living cells suspended into hydrogel sols are
extruded through syringe and collected over the printing platform. The process exerts significant
pressure on cells due to the high viscosity of hydrogel and the extrusion pressure applied. The
time and pressure of extrusion plays important roles in the deformability of cells. In many cases,
experimental study becomes difficult due to development of a time taking process in optimizing
setup and thus computational modelling of bioprinting process becomes necessary. In this study,
we developed a smoothed particle hydrodynamics coupled with mass spring model of cell
deformation to understand cell damages in bioprinting process and improved the developed
model by integrating viscoelastic properties of cell suspensions into the hydrogel. In this way, we
have carried out our CFD simulation to determine the stress distribution and deformation over
different compartmental model of biological-cells suspended into hydrogel and optimizes the
parameters such as inlet velocity, sharpness around nozzle to syringe junction, number of cells
aggregation along with viscoelastic properties of cells for enhancing the cells viability in
extrusion based bioprinting process.
Keywords: Computational fluid dynamics, Bioprinting, Bioinks, Hydrogel, Cell deformation.
METHODS OF ANALYSIS
To simulate the bioprinting process, a syringe is charged with cell-laden hydrogel suspensions
and extrusion pressure is applied through a nozzle under pneumatic or piston pressure with the
flow rate of 0.09 mm3/min. The basic approach used in this analysis is smoothen particle
hydrodynamics1 coupled with mass spring model2 using adaptive meshing technique3.Next by
incorporating viscoelastic properties4 of cell using Maxwell prony series the region of the cells
are classified into three prime compartments with volumetric percentage of 70%, 30%, 10% for
cytoplasm, nucleus and cell membrane5 by inputting different mechanical property) of each
corresponding region. The total deformation of the cell vs. time has been classified into three
categories such as (i) hertzian contact deflection6, (ii) Ressner membrane deflection7 and lastly
(iii) directional deflection of cell.
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RESULTS AND DISCUSSION
Importing those equations into ANSYS, the 3D computational model of cell dynamics has been
analyzed and the steady flow transient deformation graph has been generated for different
compartmental model of cell. The model was used to simulate some critical parameters of
bioprinting process such as pressure, time, nozzle type and diameter of a bioprinting process to
improve the cell viability.
Next by incorporating quasi-linear viscoelastic biological material properties of cytosol of a cell
inherently enhances the mechanical stability by lowering the effective deformability of cell
nucleus for different droplet speed using a LS-DYNA method in ANSYS.
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1. INTRODUCTION & OBJECTIVE

The micropolar fluid theory of Eringen[1966] constitutes an important branch of nonNewtonian fluid dynamics and is also considered to be one of the well established theories for
fluids with microstructure. Micropolar theory includes the effects arisen due to micromotion
of the particles. The mechanical state of such fluids is characterized by two separate vector
fields, the translational velocity field and the microrotational field . The theory provides a
mathematical model for accurately simulating the flow characteristics of non-Newtonian
fluids, such as paints, polymers, physiologial fluids, liquid crystals, gel propellants and
colloidal suspensions with many industrial applications such as aerodynamics,the extrusion of
polymer and plastic sheets, continuous stretching of plastic films , the cooling of metallic plate
etc..
The concept of boundary layer in micropolar fluids was first studied by Peddieson and Mcnitt
[1968] prior to Willson [1970]. Further studies of the boundary layers of micropolar fluid
flows under different conditions were made,in which authors have dealt with the physical
models numerically. In the present paper, attempt has been made to give an exact analytical
and also asymptotic solution to the boundary layer equation in the micropolar fluid flow past a
moving wedge. we propose an analytic solution of a boundary value problem which models a
steady ,two dimensional, laminar boundary layer flow of a viscous, incompressible micropolar
fluid over a moving wedge immersed in the fluid. Similarity transformations are used to
convert the governing non-linear partial differential equations into a highly non-linear
ordinary differential equation. An exact analytical solution is obtained for particular
parameters which is then generalized to give exact solution for all values of the parameters
involved. We also propose Asymptotic solution of the Micropolar boundary layer flow. The
results obtained are then compared with that of direct numerical solutions, which are in good
agreement and are also discussed with the help of velocity profiles ,skin friction for various
values of physical parameters.
Adopting the co ordinate transformations to the new dimensionless similarity variables,the
governing equations transform to the following non-linear ordinary differential equations
(1 + k) f''' + f f'' +

1

2

2m
(1 - f'^2) + k h'= 0
m 1
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(1 + k/2) (ih')' + i( f h' –
(1 - m) i f' f(0) = 0,

3m  1
h f' ) - k(2h + f'')= 0
m 1

m 1
f i' = 0
2

f '(0) = -  ,

i(0) = 0, h(0) = -

f '(  )  1,

h(  )  0

1
f''(0)
2

Inspired by the work of Kudenatti on solving a boundary value problem for the Falkner- skan
equation analytically, which is strikingly close to single hump solution which is a similarity
solution of the Burger's equation,we seek exact solution of the above system of nonlinear
ordinary differential equations. We also analyze the far-field behavior of the above system
asymptotically for which we study large  behavior i.e.,f '(\eta)
1 as    .The results
obtained in each of the above methods are compared with the numerical result obtained by
using Keller Box method.
Table 1. Comparison of the skin friction f''(0) obtained analytically and asymptotically with the result obtained
numerically for k=1
m = 1/3

m=1



Exact

Numerical

Asymptotic

Numerical

-1.1

- 0.127960

- 0.127056

- 0.130294

- 0.131481

-1.2

- 0.261577

- 0.259434

- 0.260588

- 0.267889

-1.3

- 0.399999

- 0.396961

- 0.390882

- 0.409079

-1.4

- 0.543585

- 0.539479

- .521176

- 0.554916

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
We observe that analytical solution and asymptotic solutions show an excellent agreement for
all the values with the corresponding numerical values. Also, as the absolute value of
stretching parameter increases numerical value of skin friction also increases.
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1. INTRODUCTION & OBJECTIVE

Modern miniaturized electronic systems require significant dissipation of heat flux. Present
cooling technologies focus on liquid cooling through micro and mini channels. Unfortunately,
flows through such channels are subjected to higher pressure drop. The present work focuses
on active heat transfer enhancement technique with cooling liquid flow through conventional
channels. The present state of the art design incorporates a rotating impeller with diameter, DI
in the channel to establish radially outward flow for faster dissipation of heat. The channel
width is designed in such a way to minimize the pressure drop.
Three-dimensional, unsteady, incompressible, laminar flow through rectangular channel has
been numerically studied to analyze the flow and heat transfer characteristics in the presence
of rotating impeller mounted in the channel. The schematic representation of the channel flow
with impeller location is shown in Fig. 1(a). The origin of the coordinate system is at the
center of the domain. Height and width of the channel are along the y- and z- axes,
respectively. The enlarged view of the impeller is shown in Fig. 1(b). The rotational axis of
the impeller coincides along y-axis. Thickness of the straight impeller blade is 2mm. The
rotating domain of 10mm diameter houses the impeller. The diameter and height of the
impeller are respectively, DI = 8mm and HI = 6mm. The base case is the flow through
rectangular channel without impeller and the case is taken as the reference case to predict
percentage increase in heat transfer due to the rotating impeller. The effect of various
parameters such as flow rate, impeller speed ratio on heat transfer enhancement and pressure
drop are studied. The study has been repeated for various combinations of flow Re and
impeller rpm.
The computational domain has been meshed using ANSYS-Meshing tool. The domain
consists of stationary and moving parts; the meshed domain is shown in Fig. 2. To capture the
steep gradients, non-uniform meshing has been employed with dense grids near impeller walls
as shown in Fig. 2(c).
1
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Fig. 1: Schematic of the computational model with boundary conditions
(a) Computational domain (b) Enlarged view of the rotating impeller

Fig. 2: Meshed Domain
(a) Full domain (b) Moving mesh with impeller (c) Non-uniform mesh near the impeller blade

2. RESULTS & HIGHLIGHTS OF IMPORTANT FINDINGS
The flow past rotating impeller placed in the rectangular flow domain leads to interesting flow
characteristics. Reynolds number is varied in the range 100≤ Re ≤ 2500. The numerical
computations are carried out using optimized grid size obtained from grid independence study.
Streamlines near the rotating impeller and the corresponding vorticity contour are captured
and analyzed. Flow bifurcation near the impeller and asymmetry in the flow due to the
rotating are captured and their effects on heat transfer enhancement are quantified. Three
different impeller rpm (N = 60, 120 and 180) are considered and compare with plain channel
case. Above Re=1500, the average values of Nusselt number decrease when compared to
without impeller case. For the present geometry, the critical Re is 1500. Overall pressure drop
between inlet and exit of the rectangular channel has been computed. The pressure drop
increases with flow velocity. Although the pressure drop increases due to blockage effect of
the impeller, the rotating impeller enhances the heat transfer rate.
ACKNOWLEDGEMENT
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1. INTRODUCTION & OBJECTIVE

1) In simple words, rivulets are the finger shaped structures that are formed at the advancing
front of a spreading liquid. They are the narrow stream of liquids, falling down a solid
substrate. The phenomenon of rivulet formation can be seen in our day to day life like when
the rain drops fall on the window pane. These rivulets are formed mainly because of forces
like gravitational force (plays a major role in rivulet formation), viscous, surface tension and
inertial forces. Liquid flow in form of individual rivulets usually occur upon the breakup of
the liquid film. In this research work , we try to find how rivulet flow formation varies by
changing different parameters like Reynold’s number , area of cross section of channel , etc.
Few results obtained are listed later in this.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

Study of rivulet flow was conducted by generating rivulet flow in small channels . The
following results were obtained:
1) By lowering the value of the Reynolds number, the rivulet flow is obtained at the critical
value.
2)The volume fraction of the secondary phase (water) grows after a certain length and then it
gets stable.
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1. INTRODUCTION & OBJECTIVE

The study of breakwater wave mechanisms is of immense importance in applied ocean
research due to the need for protecting onshore and offshore marine facilities from wave
action and for preventing beach erosion. When soil condition is poor or in deep water
locations, floating breakwaters provide an effective and economical alternative to traditional
bottom-standing ones. Further, they are environment friendly as they allow free flow of water
and sediment.
Water wave interactions with porous breakwaters have been studied by many researchers
using analytical, numerical and experimental methods and significant work has been recorded
in the literature. Porous material is effective in reducing transmission as well as reflection
coefficients because of enhanced wave-energy dissipating properties. Work on wave
interaction with porous structures was pioneered by Sollitt and Cross [1] who developed a
classical mathematical model for describing the effect of a submerged rectangular porous
structure on wave motion. Xiping Yu [2] defined a complex porous effect parameter G and
used it to derive a relation for fluid motion through thin porous structures. The problem of
water wave scattering by thin elastic plates was considered initially in the context of floating
ice sheets, by Fox and Squire[3]. Recently, Koley et al [4] studied the motion of horizontal
flexible floating plate using Fredholm integral equation technique. Koley and Sahoo [5] used
an integro-differential equation approach to study the same problem. We propose to
investigate the problem of oblique wave interaction with a finite floating porous-elastic plate
in water of finite depth, using an eigenfunction expansion method.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

Fig 1: Schematic diagram of surface gravity wave incident on flexible porous plate

We attempt a semi-analytic solution of the boundary value problem for the velocity potential,
which involves solving the modified Helmholtz equation by separation of variables. The
infinite series solutions are then matched across the boundaries of the three domains using the
conditions of continuity of velocity and pressure along x=0 and x=a. Applying orthogonality
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property of vertical eigenfunctions in the open water region, we arrive at a system of
equations which we solve numerically to obtain the reflection, transmission and dissipation
coefficients for various wave and plate parameters such as angle of incidence, porosity, plate
width etc. Central to the numerical scheme is the solution of the complex dispersion relation
in the plate-covered region.
A few results are presented below:
(a)

(b)

Fig 2: Variation of (a) reflection and transmission coefficients versus width of plate a/h (b) energy dissipation
versus incident angle θ, for different values of plate porosity with other wave and plate parameters kept fixed.

With increasing width of the plate, transmission coefficient Kt drops sharply, whereas the
reflection coefficient Kr exhibits an oscillatory pattern upto values of a/h≈5 and further
increase in plate width does not affect Kr .
It is observed that there is significant energy dissipation Kd in the case of porous-elastic
plates. A comparison of energy loss for G=0.5 and G=0.5+1i indicates that an increase in the
inertia component of the porous effect parameter corresponds to a decrease in energy loss.
Further, energy loss increases slightly with increasing obliqueness of the incident wave upto
values of 𝜃 in the range 65°- 85°and then decreases. For a purely elastic plate (G=0) there is
no dissipation of energy.
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1. INTRODUCTION & OBJECTIVE

Increasing the vertical orientation of a building to cope up with the rapid urban development
and exponential growth of population facilitates the unavailability of the necessary space for
horizontal development. The construction of buildings is often unconventional, resulting in a
lack of land and architectonic esthetic. Depending on the building configuration, the wind
forces behave differently. Within those unorthodox structures, wind structure interaction is
quite different from regular plan shaped structures which creating additional complexity in
structural design problem. The information about the wind effect various alphabetical plan
shape structures is beyond the scope of various codal provisions. To bridge the gap Amin and
Ahuja (2011) explored the wind responses on L and T shaped tall building. Cheng et al.
(2015) and Mukherjee et al. (2014) considered H and Y shaped tall building respectively.
Bhattacharyya and Dalui (2018) calculated the wind pressure on the E plan shaped tall
buildings. The detailed study should be done on U shaped tall building because this is widely
used to construct residential complex, shopping malls, academic buildings etc.
In the present study the force coefficients and pressure coefficients of U plan shaped tall
building due to wind excitation have been investigated minutely by numerical analysis using
computational fluid dynamics (CFD). This study further extended by shifting the two limbs by
0.05 L, 0.1L, 0.15L, 0.2L and 0.3L from each side (L is the length of the building taken as 250
mm) keeping plan area same. The position of the limb plays a vital role because those limbs
influence the wind flow pattern around the building. The differences in drag coefficient and
lift coefficient of various limb position case is carefully examined and compared for 0° and
90° wind direction. The mean pressure coefficient of building faces and pressure coefficient
along horizontal centerline presented graphically to understand the pressure variations. The
aerodynamic behaviour and optimum limb position of the building discussed finally.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
All the building (see Fig. 1) has been modelled at 1:300 scale and analyzed by considering k-ɛ
turbulence model using Computational Fluid Dynamics (CFD) module of Ansys CFX. To
1
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avoid blockage correction, 5H distance from the building has been maintained from the inlet,
sidewalls and roof. The outlet of the domain has been considered at a distance of 15H. Free slip
condition has been taken on sidewalls and roof on the domain. No slip condition has been
adopted on the faces of building and floor of the domain. The grid sensitivity study is carried
out to find out the suitable mesh size. Tetrahedral elements have been used for meshing. 10 m/s
wind velocity has been provided at inlet. The atmospheric boundary layer (ABL) is governed
by the power law equation and the power low exponent α has been taken as 0.133. The validity
of the software package has been checked by comparing the data of previous research article.

Fig. 1 Analytical building models for numerical simulation

(a)

(b)

Fig. 2 Comparison of Drag coefficient of the various building at different wind angle (a) 0° (b) 90°

The along wind responses of the building has been decreased gradually with sifting of limb
from 0.05 L to 0.2 L for normal wind angle and further shifting of limbs causes some increase
in the drag coefficient. But at 90° wind attack the drag coefficient and lift coefficient both
increasing remarkably with shifting in limb positions towards centre. The significant pressure
variation has been observed on the building faces due to change in wind flow patterns.
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1. INTRODUCTION & OBJECTIVE

Finned tube array is extensively used for process heat transfer applications. It is a thermal
system that involves gas-to-liquid heat exchange, or vice versa. A schematic of finned tube
array is shown in Fig. 1(a). Erection of longitudinal vortex generators (LVGs) on the gas side
leads to the generation of large scale three dimensional vortices. Such flow modification
manifests as large augmentation in the effectivess of finned tube array [1]. In addition to the
swirling motion imparted by the LVGs, toe-out type vortex generators have the ability of
redirecting oncoming gas flow in the tube wake region, particularly when they are erected in
the tube down stream. Fins with a pair of toe-out type triangular vortex generators erected
behind each hole, meant for inserting tubes, is shown in Fig. 1(b).

Fig. 1 (a) Finned tube array [2] (b) Fins with toe-out type vortex generators

This work attempts to study the effect of span-wise translation of LVGs on the change in flow
characteristics and the consequent thermal augmentation. For that purpose, two stream-wise
locations in the tube downstream are selected (i.e. X/D=0.5 and X/D=0.9) where LVGs are
made to undergo spanwise translation with fixed but small step-size equal to X/D=0.2. In this
numerical investigation, the governing equations are solved by using commercial CFD code
i.e. ANSYS Fluent 14.0 and the turbulence is simulated by using k-ε RNG model [3-4].
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Finned tube array considered in the present study comprises of three tube rows in the flow
direction and the plane in which each LVG lies makes 30o angle with the main flow direction.
In order to visually appreciate the effect of spanwise translation of LVG, first pathlines are
drawn for LVGs held at fixed stream-wise coordinate (i.e. X/D=0.5), as shown in Fig. 2(b-d)
where Fig. 2(a) shows pathlines in plain finned tube array at the same Reynolds number.
Evidently, their is a large recirculation region behind each tube in the absence of LVGs which
is expected to make adjacent fin area ineffective for heat transfer. Mere deployment of toe-out
LVGs has been effective in redirecting oncoming flow in the tube wake in addition to the
generation of longtudinal vortices.

Fig. 2 Pathlines for LVG at X/D=0.5 (a) Plain fin (b) LVG at Z/D=0.5 (c) LVG at Z/D=0.7 (d) LVG at Z/D=0.9
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1. INTRODUCTION & OBJECTIVE

Propagation of water waves in a two-layer fluid intercepted by a submerged or a floating
obstacle, like a barrier, breakwater, or any geometric object, is very important for its
enormous application in coastal and marine engineering. Das and Bora [1,2] examined wave
reflection and damping by a rectangular porous structure of uniform porosity, placed on
elevated single-step bottom. Chanda and Bora [3] used least square approximation to find
reflection and damping over a porous sea-bed. Saha and Bora [4] investigated the existence of
trapped modes in a two-layer fluid of finite depth bounded above by a rigid lid.
The present work on the basis of Figure 1 is concerned with the trapping of oblique surface
waves due to a porous breakwater with a perforated front wall placed on an elevated rigid
block in a two-layer fluid. The ocean depth is taken to be finite and the sea-bed to be porous.
The problem is studied by employing linearized water wave theory and Eigen function
expansion. The interface-piercing structure is taken up to investigate the impact of various
porous parameters in wave attenuation for surface and interface modes. Water waves
propagate through the porous structure with distinct eigenvalues. Further, the effect of sea-bed
characteristics is also discussed by carrying out a comparison between a porous and an
impermeable sea-bed. The appropriateness of structures of various configurations on the
trapping of surface waves is investigated by examining the reflection coefficients for waves in
surface and interface modes as well as their effects on the free surface and interface
elevations, and the wave-load on the structure. The investigation establishes that, for a suitable
configuration of the porous structure, an optimum width can be ascertained to design a
breakwater of reasonable efficiency possessing characteristics of both reflection and
dissipation. The problems are solved analytically and the results are presented in graphical
form. This kind of study is likely to have immense significance for designing of different
types of coastal structures with respect to reflection and dissipation of wave energy at
continental shelves, which is influenced by a stratified fluid, which is modelled in this work as
a two-layer fluid for convenience.

Figure 1: Diagram of the trapping model
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2. RESULTS
We present the effect of breakwater with perforated wall as defined by Fig. 1, based on
reflection coefficients (free surface mode along the free surface and interface mode along the
interface) and wave load 𝐾 on the wall.

Figure 2: Variation of reflection coefficient in Free surface mode and Interface mode against normalized distance
𝐿 /𝜆 .

From Fig. 2 (a),(b), it is clearly visible that the structure with perforated front wall attains a
higher reflection than for the case without front wall structure in both propagating modes.
Further, we also observe that the minimum reflection is obtained for certain values of
normalized length , where 𝜆 = , 𝑝 being the dispersive root of the free surface

propagation. We can assume that this may have happened be due to the destructive
interference of the incident and reflective waves near the breakwater and the loss of wave
energy due to the friction while the wave passes through the breakwater. From Fig. 3, we
observe that the variation of the wave load 𝐾 differs to some extent between (i) without and
(ii) with perforated front wall breakwater. Without the perforated wall, the structure exerts
higher wave load on the sea-wall as compared to the structure with the perforated wall. The
dissipating nature of the porous object, which
reduces the energy of the wave, is higher for the
structure with perforated front wall. From a practical
point of view, we can assume that the perforated
wall slows down the wave motion due to its inertia
resistance, which is associated with an increase in
the energy dissipation within the breakwater.
Figure 3: Variation of waveload 𝐾 on the sea Subsequently, in order to protect the shore,
wall
perforated front wall helps a structure to achieve
better reflection and lesser wave loads with better dissipating properties. Therefore, a
composite structure with a perforated front is more suitable in the creation of a breakwater.
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1. INTRODUCTION & OBJECTIVE

India has a huge population and a high gross domestic product (GDP) that is mainly affected by
river floods annually (Searchinger et al., 2014). Generally, 4.84 million population of India are at
risk due to riverine flooding. An estimated 14.3 billion dollars of India's GDP is affected by
riverine flooding annually, almost three times the affected GDP of Bangladesh (Thornton and
Chester, 2016). India's population was growing rapidly and expected to surpass China's population
by 2022 (United Nations). The population growth results in the development of agriculture and
urbanization by degrading the environment and occupying floodplains. The population and GDP
are at risk, exposed to riverine flooding in India. Therefore, flood inundation mapping is required
to understand and manage the floodplain to mitigate the subsequent impacts of riverine flooding.
In recent years, various flood simulation models are used to measure flood inundation. The flood
simulation models have a wide variety of available approaches to compute the water surface
elevations associated with a flood event. However, the ungauged station and unavailability of
hydrologic/hydraulic data cause a significant challenge to develop hydraulic models in the Indian
River. Moreover, the data collected at the gauged station are neither better quality nor easily
accessible for hydraulic model development.
The Hydrologic Engineering Centre – River Analysis System (HEC-RAS) is a hydraulic
modelling software, widely accepted and freely available with limited resources (US Army Corps
of Engineers, 2003). The two-dimensional version of HEC-RAS is used in the present study. The
HEC-RAS 5.0 is recently released, which includes two-dimensional capabilities and expected to
become as prominent as the one-dimensional version (Brunner, 2002). The general data required
to build a hydraulic model are Surface roughness values typically derived from land use/land
cover (LULC) data, a digital elevation model (DEM) derived from discharge, stage, and
topographic data (Rangari et al., 2019).
The objective of this study is to develop a two-dimensional HEC-RAS model to model various
flood events in Sangli city of Krishna river basin, Maharastra (India). The results of HEC-RAS
2D is validated with recent floods during august 2019 in the Sangli city of Krishna river basin,
Maharastra (India).
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The LIDAR data of the HEC-RAS 2D model obtain all details of the storage area or weir. Weir is
a low dam or wall built across a stream to raise the upstream water level to measure the flow rate
of water. Therefore, it is also described as a measuring weir or gauging weir. The delineated river
basin of Sangli city is represented in Fig. 1.

Fig.1: The delineated krishna river basin in Sangli city, Maharastra (India).

The result of stage vs flood hydrograph plot at Sangli city, Maharastra is shown in Fig. 2. The
results are validated with the floods dataset of august 2019 (https://www.mahahp.gov.in/).

Fig. 2: The stage vs flood hydrograph plot at sangli city, Maharastra (India)

REFERENCES
1. Brunner, Gary W, Hec-ras (river analysis system). North American Water and Environment Congress &
Destructive Water. ASCE, 2002.
2. Rangari, Vinay Ashok, N. V. Umamahesh, and C. M. Bhatt. Assessment of inundation risk in urban floods
using HEC RAS 2D." Modeling Earth Systems and Environment 5.4, 2019 : 1839-1851.
3. Searchinger, Tim, et al., Creating a sustainable food future. A menu of solutions to sustainably feed more
than 9 billion people by 2050. World resources report 2013-14: interim findings, 2014.
4. Thornton III, Joseph Chester, 2D HEC-RAS model development in data poor areas of India case study:
Central Krishna River Basin, Tennessee Technological University, 2016.
5. US Army Corps Of Engineers, Hydrologic Engineering Center–River Analysis System HEC-RAS,
User’s Manual, 2003.
Indian Institute of Technology Kharagpur

2|P age

st

1 Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/FM-20-044

Deployment of toe-out type vortex generators in finned tube
array for flow modification & capacity augmentation: Part B
Amit Arora1a and P.M.V. Subbarao1b1
a

Department of Mechanical Engineering, MNIT Jaipur, JLN Marg, Jaipur, Rajasthan-302017, India
b
Department of Mechanical Engineering, IIT Delhi, Hauz Khas, New Delhi-110016, India

1. INTRODUCTION & OBJECTIVE

Process heat transfer thermal systems, involving gas-to-liquid heat exchange, invariably use
finned tube arrays. The capacity augmentation of such thermal systems is an important area of
research. The deployment of longitudinal vortex generators (LVGs) on fin-side causes the
generation of longitudinal vortices which are found to cause significant reduction in fin-side
thermal resistance [1]. Spatial positioning of these LVGs in the tube downstream has a
critical role in determining the degree of augmentation. Since the fin space around each tube
conforms to a rectangular region, the effect of change in LVG position should be investigated
by separately translating the generators in the flow and transverse directions.

Figure 1. Locations for deploying longitudinal vortex generator(s)

This study attempts to report the effect of LVG translation, in the flow direction, on the
change in flow characteristics and the consequent thermal augmentation. For that purpose, two
transverse locations in the tube downstream are selected (i.e. Z/D= ±0.5 and Z/D= ±0.9)
where LVGs are made to undergo translation, in the flow direction, with fixed but small stepsize equal to X/D=0.2, as shown in Fig. 1. In this numerical investigation, the governing
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equations are solved by using commercial CFD code i.e. ANSYS Fluent 14.0 and the
turbulence is simulated by using k-ε RNG model [2-3].
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Three dimensional mass, momentum (RANS) and energy conservation equations are solved,
by using commercial CFD code, to simulate fluid flow and heat transfer occurring in the three
row finned tube array. The temperature distribution in the fins is obtained from the solution of
fluid-solid conjugate heat transfer problem [4]. In order to study the effect of LVG translation
on tube wake management, average heat transfer coefficient of the fin surface hiding behind
tubes is computed for each case corresponding to the two (fixed) transverse positions, as
shown in Fig. 2. Evidently, deployment of LVGs has produced significant augmentation in the
average heat transfer coefficient compared to baseline design but the degree of augmentation
is deteriorating with the ongoing shifting of LVG in the flow direction. Likewise, the effect of
LVG translation on the effectiveness of individual tube rows and the total thermal
conductance of the finned tube array is also studied; and compared with spanwise translation
to understand their relative dominance.

Figure 2. Average heat transfer coefficient of the fin hiding behind tubes
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1. INTRODUCTION & OBJECTIVE

A dam is a barrier that stops or restricts the flow of water or the underground stream. These dams
control floods and provide water for irrigation, human use, navigation, aquaculture, etc. With
hydraulic engineering development, many large-scale dams have been constructed in the world.
The dam's failure is often caused by poor initial design, structural deficiencies, poor construction,
or lack of maintenance (Bell et al., 1992). Embankment dams mostly fail because of overtopping
and piping, while arch dams and concrete gravity dams usually fail due to overturning and sliding.
In worst condition, the complete dam structure is removed suddenly, and stored water is released
rapidly to the downstream of the river valley; huge damage to wealth and life occurs from such a
failure mode. The estimation of submergence areas and the effect of flood waves is necessary for
mitigation of hazards.
In the theoretical investigation, the main task is to solve shallow-water equations due to the
nonlinear nature of equations. The analytical methods are usually applied to the simplified onedimensional problems. Further, to understand the dam break flows, a laboratory experiment is a
crucial tool, only a few researchers have analyzed dam break experimentally. The impact of dam
break wave on a structure is analyzed experimentally by Yeh and Petroff (2004). There are very
few experimental studies performed on dam break due to complexity in their setup. Therefore,
numerical simulations were developed to perform dam break simulation.
Dam break has drawn the interest of CFD researchers due to their increasing size in recent years,
which increases the threat to the people residing downstream of the dam. REEF3D is one of the
CFD platforms that have been developed to calculate flow hydrodynamics and the resulting
sediment transport pattern around the structures (Bihs et al.,2013; Afzal, 2020).
Since dams stores a huge volume of water, therefore, it causes some of the most dangerous
disasters. Dam break study is essential to forecast, characterize, and reduce threats due to dam
failure, and therefore, it attracts the interest of hydraulic engineers and researchers. The objective
of the present study is to obtain flow velocities before and after flood waves strike the obstacle in
dam break simulation in REEF3D and validate the results with an experiment performed in the
Hydraulics Laboratory, Indian Institute of Technology, Kharagpur.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
A square bottom obstacle made up of 5mm thick Plexiglas having sides 0.8 m and height 0.6 m
was placed at 0.9 m downstream of the dam. V1 and V2 are two points 8 cm upstream of obstacle
and 8 cm downstream of the obstacle where ADV is placed and velocities at different reservoir
level is calculated. Water surface profile was captured using video recorder placed along the flume
at different reservoir levels (i.e. h= 20, 25, 30, 35, 40 and 45 cm). ADV placed in upstream and
downstream of the obstacle as shown in Fig.1.

Fig.1: Schematic diagram of the experimental setup with single obstacle (Top View)

The velocity magnitude of simulation and velocity magnitude of the experiment are indicated in
graphs. Although there is a scatter of data in ADV readings, but a general trend can be observed.
The comparison of REEF3D results with experimental results in Fig.2. (a) upstream of the
obstacle and (b) downstream of the obstacle.

(a)

(b)

Fig.2: The comparison of velocity magnitude results obtained in (a) upstream of the obstacle (b) downstream of
the obstacle
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1. INTRODUCTION & OBJECTIVE
Design and development of small UAVs implementing the idea of vertical take-off and landing
is on a rising trend. The aerodynamic interaction between the propeller and the wing is a
demanding research topic for these vehicles (see for example references 1-4). In this paper, an
experimental investigation of a propeller slipstream with the wake of a wing has been carried
out in the low-speed wind tunnel. Three configurations were used, i.e. propeller alone, wing
alone and propeller with wing to compare and characterize the slipstream.
HK 6050 propeller was chosen in the wake of a higher Umean limited to the range of 10 m/s
freestream velocity. A symmetric NACA 0015 airfoil section was used as a wing and was
mounted on the base of the wind tunnel in a tractor configuration with the propeller. Angle
augmentation mechanism was installed at the base of the wing; it can account for the desired
angle of attack for the experiment. The propeller mounted on a 3D traverse allows simultaneous
alteration of the angle of attack of both the wing and the propeller, by means of common axis
of rotation (see for figure 1-a). Parameter used in this experiment is angle of attack (α).
2. RESULTS, OBSERVATION & FUTURE WORK
A comparative study of three configurations has been presented to explore the effect of propeller
on the wing (prop-wash) and vice versa. Detailed velocity measurements in the downstream of
the propeller and wing were carried out using the hotwire anemometry technique. The mean,
Umean/U0 and the root mean squared (rms), urms/U0 velocity profiles were plotted at different
downstream x/D locations to find out the accelerating and decelerating zones in the slipstream
for different cases; here x, D and U0 denote the streamwise distance, the propeller diameter and
the freestream velocity, respectively. Figure 1 shows one such measurements in the slipstream
of the propeller and the wing at freestream velocity, U0 = 10 m/s. The asymmetry in the velocity
profile can clearly be seen in figure 1(b) as we move downstream. Further, we see in figure 1(c)
that the maximum mean velocity increases initially and then attains a peak and decays
eventually. Similar such measurements were carried out for propeller alone and for wing alone
for comparative assessments of the propeller slipstream. For the wing and the propeller
configuration, two different angles of attack, i.e. 40 and 80 were considered. In both of the cases,
trend of the results was similar, although the peak value was different.
However, comparing the results for the three different cases, we found that the magnitude of
the peak values Umean,max reduces and the x/D location of the peak values are delayed by the
presence of wing in the slipstream of propeller, as detailed in table 1. Further analysis, such as
power spectra, also reveals various dominant peaks which can be attributed to the blade passing
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frequency and the propeller tip vortices. This experiment is first part of our planned series of
experiments, and force measurement is not included in this experiment (which will be done in
later parts).

(a)
(b)

(c)
Figure 1. (a) Schematic diagram of Experimental setup (b) 𝑈𝑚𝑒𝑎𝑛 ⁄𝑈0 (normalised mean velocity) vs 𝑧⁄𝐷 plot

for propeller with a wing at 4𝑜 angle of attack and freestream velocity = 10𝑚/𝑠 at different 𝑥 ⁄𝐷 locations
downstream representing different regions of the flow. (c) Plots for 𝑈𝑚𝑒𝑎𝑛,𝑚𝑎𝑥 (maximum mean velocity) vs 𝑥 ⁄𝐷 .

Table 1. Case study of different trends of peak mean velocity for different configuration

Peak mean
(Umean,max)

velocity,

Propeller Alone

Wing alone

Propeller + Wing

Gradually increases and
reaches its maximum
value
at
x/D=1.71,
thereafter start reducing
till x/D=4.

Varies in magnitude with
x/D value. Its minimum
value at x/D=2.03, and
remains constant after
x/D=3.35

Gradually increasing to
its maximum value at
x/D=2.69,
thereafter
reduces
for
further
downstream points.
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ABSTRACT
This paper demonstrates the use of the Computational fluid dynamics (CFD) technique in
studying river flow system. The river which has taken for the study is the Haora river which is
flowing through Agartala city in the state of Tripura in the North East region of India. At first
from the GPS data the coordinates were selected for the section of River between JIRANIA
and ARALIA WATER INTAKE POINT at Agartala. The GPS data were then imported in
AutoCAD and the geometry were made and then it was exported to the ANSYS for the CFD
simulation. Some assumptions were made to complete the simulation such as,
1. Uniform velocity is considered as the input velocity,
2. Uniform width is assumed all over the river section and is incompressible fluid.
3. Uniform velocity and Uniform width are 0.5 m/s and 20m respectively.
4. Reynolds number along the transverses direction i.e. width is only considered

The analysis was done in 2dimentional mode and in steady state using k-ℰ model and the flow
was considered as a turbulent flow. The whole river section was divided in 4 different sub
sections and the analysis were done independently for the subsections. The result of the outlet
of previous subsection was taken as inlet condition for the next subsection. The parameters
which were analysed are velocity at various sections and points in the river, The pressure
contours in the river section domain, the shear stress, turbulent kinetic energy etc.
A mesh independent study was also done with the following mesh details:
Trail 1:
Nodes
377

Elements
Max. Element size Bounding box
213
0.002m
(0.12309*3. 0194.e-02) mm
Velocity at outlet of section 1 is 0.5m/s

Trail 2:
Nodes
9052

Elements
Max. Element size Bounding box
7556
0.0002m
(0.12309*3. 0194.e-02) mm
Velocity at outlet of section 1 is 0.527m/s

Trail 3:
Nodes
69976

Elements
Max. Element size Bounding box
65077
0.00004m
(0.12309*3. 0194.e-02) mm
Velocity at outlet of section 1 is 0.534m/s

Trail 4:
Nodes
316826

Elements
Max. Element size Bounding box
303500
0.00002m
(0.12309*3. 0194.e-02) mm
Velocity at outlet section 1 is 0.534m/s
Indian Institute of Technology Kharagpur
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Therefore, grid independence is at max. Element size of 0.00004m.
The full river section is shown here which is being imported in ANSYS

The sample mesh of one section is shown below

A sample velocity contour is shown of section 1

A sample wall shear stress is shown below

Keywords: Haora river, Turbulent flow, ANSYS, k-ℰ model, velocity, Pressure, shear stress,
kinetic energy.
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EXPERIMENTAL STUDY ON THE DISCHARGE AND SEDIMENT SHARING AT
BIFURCATION CHANNEL
,

and

IIEST Shibpur, Howrah, West Bengal, India
ABSTRACT
The purpose of this research is to get an overall idea about the physical process of discharge and
sediment distributions in channel bifurcations. A physical model had been done for experimental
study of channel bifurcation corresponding to the river Kangsabati in actual field. The study
describes on sediment distribution of different sediment sizes for a bifurcation angle 37º (the
angle between the tip of the nose and the symmetrical line of a bifurcation). A total of three
different sizes of sediment (0.190, 0.260 and 0.275mm) have been used to investigate the
influence of sediment distribution over the branches. For each sediment size, four different
upstream discharges (0.002, 0.004, 0.006 and 0.008 m3/sec) have been used. From the
experiments, a set of data on s1/s2 and q1/q2, (where q1, q2 and s1, s2 are the discharges and
sediment transports rate per unit width through respective bifurcated branches) have been
collected. These data have been set to the nodal point relation (the relation between the ratio of
downstream discharges and the ratio of the downstream sediment transport rates). The study so
far done is based on experimental data obtained from the physical model of channel bifurcation.
Keywords: Sediments, Channel Bifurcation, Nodal point Relationship, Physical Model

INTRODUCTION
Bifurcations are common features in anabranches reaches. Anabranched reaches may exist in
meandering and braided rivers. A braided river is one containing a network of smaller channels
separated by small islands called braid bars. An anabranched reach has more than one channel
with a sequence of confluences and bifurcations and thus forms a multitude of islands in the
river. A bifurcation occurs when a river splits into two branches Fig-1 or a middle bar forms in a
channel or a distributary carries flow from the main river. The course of a braided river is very
unstable and unpredictable. This leads to serious problems for an engineer trying to tame the
river with hydraulic structures. The morphological behavior and the effect of the bifurcation on
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the stability of the downstream branches strongly influence the stability of the braided river
system as a whole. Flow and sediment distributions at bifurcations in braided channel systems
are important for short and long term morphological development. A better understanding of the
morphological processes at a bifurcation would contribute to the understanding of the behavior
of a river. This would facilitate the task of the engineer trying to regulate the river.

Fig-1: River Bifurcation
The distribution of discharge and sediment transport at bifurcation is a key factor for the long
term morphological development of the bifurcation of the main rivers. The discharge distribution
at bifurcation may be determined by the hydraulic capacity along the bifurcated branch and the
relative discharge can therefore be stage dependent. The sediment transport distribution, in
addition, influenced by the local plan form and bathymetry at the bifurcation, which in turn are
dependent on the plan form and sediment transport conditions of the main river.
At bifurcation as a single river separates into two or more branches. There will be mass balances
of water and sediment, where
In this case

and

In the branches

is the discharge and

are known, where

,

and

and

is the sediment transport in branch i.

are the discharge and sediment in main river.

are unknown. As a result the two mass balance equations are

not sufficient to determine the distribution of flow and sediment into the branches. In order to
find the values of

,

and

one has to know how water and sediment distribute over the

downstream branches. In other words, one has to know the ratio between the downstream
the ratio between the downstream . The distribution ratio of discharge

and

in downstream

branches is completely determined by geometry and friction coefficient of the downstream
branches. This computation is not a major problem. The problem is the determination of
distribution the sediment. The determination of the ratio

/

is a difficult task; this has
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resulted a multitude of proposed nodal point relation. The relation between the ratio of
downstream discharges and the ratio of the downstream sediment transport rates is called nodal
point relation.
Little literature is available on the subject on channel bifurcation. The scarcity of literature is not
an indication of the unimportance of the subject, but rather shows the difficulty of the problem
with which many engineers are confronted. Wang et al. (1993) analyzed the nodal point relations
in one-dimensional network morphodynamic models. They performed theoretical analysis using
the nodal point relation

/

=

/

and found that there are three equilibrium states. The

equilibrium state with both branches open is unstable and the two equilibrium states with only
one branch open are stable. Based on their analysis they proposed the nodal point relation
=

instead of

/

=

/

/

where m=exponent. Fokkink and Wang (1993) extended

the analysis carried out by Wang et al. (1993) and proposed the nodal point relation /
=

, where, k=exponent of the ratio of widths. Roosjen and Zwanenburg

(1995) and Hannan (1995) conducted experiments to study morphological behavior at a
symmetrical channel bifurcation. They found that the value of k is different for different
upstream discharges. G.M. Islam (2006) done an experimental study on channel bifurcation
propose a general nodal point relation to describe the distribution of sediments for different nose
angle at bifurcation point. He has found that the nose angle is the major variable for the
distribution of sediments to the downstream branches.
When modeling river reaches which contain bifurcation, a nodal point relation is needed. In
order to investigate the nodal point relation experimentally and to apply it in one-dimensional
modeling of anabranched Rivers, a fixed bed model of channel bifurcation was built at the
Haringhata Central Laboratory (HCl), River Research Institute (RRI), West Bengal, India. D.Dev
et. Al. (2015) studied the morphological behavior of river bifurcation. The work presents a
simple mathematical solution for discharges at bifurcation using simple hydraulic equations. A
physical model study on a rigid bed test data are found to compare well with these theoretical
values. This study is the continuation of earlier investigators (D. Dev et Al. 2015). Using
different size of sediment, this study explores the applicability of the general nodal point relation
to describe the distribution of sediments at channel bifurcation.
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EXPERIMENT SETUP
The model tests simulating bifurcation at Kapastikri in river Kangsabati have been conducted at
Haringhata Central Laboratory (HCl), River Research Institute (RRI), West Bengal, India in
rigid bed channel. The model has been laid down considering horizontal and vertical scale ratios
1:350 and 1:70, respectively (Figure 3). So, the distortion factor is 5. The discharge ratio of
prototype and model is 1: 0.000005. The layout of the model is comprised of three branches: a
main branch which bifurcates into two branches: old kasai and new kasai. The slope of the main
Kangsabati is 0.000246 m/m and the slope of bifurcated branches i.e. old kasai is 0.000875 m/m
and New kasai is 0.0015 m/m. The diversion angle of old kasai is 23º and new kasai is 14º from
the line of symmetry and radius of curvature is 0.56 m and 0.777 m respectively. A general
layout of the physical model has been shown in figure: 2. Water pumped from a well at first was
made turbulence free by passing it through stilling chamber and channel before entering the
experimental channel. A sand feeder provides the supply of sediments placed at the main branch
in such a distance so that the sediments supplied from sand feeder are uniformly distributed
before reaching the bifurcation point. The regulating and measuring system consists of tailgates,
stilling basins, and V-notch.

Fig-2: General layout of physical model

Fig-3: Physical model (after D. Dev et.Al.2015)

This set-up was such constructed so that experiments can be conducted as per requirement of the
objective to know the insight of the behavior of river bifurcation. The set-up also had the
flexibility needed to carry out further studies in future.
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EXPERIMENT PROCEDURE:
In this study, four upstream discharges, for example, 0.002, 0.004, 0.006 and 0.008m3/s have
been used. The first step is the fixation of the discharge and then the model bed has been
prepared for a particular discharge with injecting sediment on model and run for several hours to
achieve the equilibrium condition i.e., no deposition, no erosion, in the main channel. The
upstream sediment load supplied during an experiment for a particular discharge was determined
from prototype data (WAPCOS Ltd. 2009) using scale factor. The sediment transport consisted
of bed load only. The mean diameter of the sediments used in the experiments was 0.190, 0.260
and 0.275 mm. For the upstream discharges of 0.02, 0.004, 0.006 and 0.008 m3 /s, the average
sediment loads were 7.5, 12, 20 and 35 kg/h, respectively. The sediment injected uniformly
across the width of main channel in such a distance so that the sediment are uniformly distributed
before reaching the bifurcation point and the model has been run for several hours. Each
experimental run was continued until the equilibrium condition was achieved i.e., when the
discharges in the downstream branches were constant. The individual discharges of branches
(old kasai and new kasai) were measured using calibrating stage-discharge chart for model.
Ripples were formed in the channel bed at the end of the run. The sediments deposited in the
sand traps which are located in the downstream section of each bifurcated branches were used to
estimate the sediment transport in the downstream branches.

CALIBRATION AND PROVING
The discharge is measured by V-notch arrangement with θ = 90° (

= 0.593). The model has

been calibrated by running with varying discharges from 0.002 to 0.024 cumecs and the shared
discharges for left channel (Old Kasai) and right channel (New Kasai) are measured separately
by pointer scale arrangements. The rating curves (figure-5) for either left or right channel have
been obtained by closing the other channel, subsequently passing the known discharge and
measuring the gauge heights.
The gauge-discharge data obtained from model run are plotted in figure-5 and compared with
that of gauge discharge prototype data of 2014. The figures-6 shows that there is a good
conformity between the model and the proto i.e. the actual river. For low discharges, there is no
flow through the New Kasai river in field. So, no comparison can be done in low discharges.
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But, it is clear from the comparison that for moderate and high discharges the model may be
taken as proved.
Fig-5: Calibrating curve for model of

Fig- 6: Calibrating curve for Proto & equivalent

discharge vs. water stages

model data of discharge vs. water stages
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WATER SATGE IN RL
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0
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16
15
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13
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11
0
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1000
2000
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3000

RESULTS AND DISCUSSION
From the measured data on discharge and sediment transport, the ratio of the downstream
discharges per unit width ( / ) and the ratio of the sediment transports rate per unit width
( )

( / ) were calculated and set to the following general nodal point relation:

Where, the coefficient “K” represents the influence of widths and all other possible influences.
The nodal point relations thus developed for the upstream discharges of 0.002, 0.004, 0.006 and
0.008 m3 /s and for sediment size of 0.190, 0.26 and 0.275mm. The goodness of fit expressed by
the coefficient of determination

was nearly 0.90 for all the cases. This means that the nodal

point relations completely describe the relation between the sediment transport ratio and the
discharge ratio. In order to know if there is any significant influence of the upstream discharge
on the distribution of sediments at the downstream branches,
the upstream discharges in one graph (Fig: 4).

/

versus

/

is plotted for all
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Table no-1: Data of s1/ s2 and q1/ q2 for different sediment size
SL. NO.

DESIGN Q

q1/ q2for

q1/ q2for

q1/ q2for

s1/ s2 for

s1/ s2 for

s1/ s2 for

(m3/sec)

d=0.190

d=0.260

d=0.275

d=0.190

d=0.260

d=0.275

1

0.002

1.678115

1.658832

1.629685

1.339188

1.353204

1.376178

2

0.004

1.607127

1.572826

1.608849

1.264206

1.288546

1.302379

3

0.006

1.470029

1.471097

1.493502

1.048844

1.143711

1.22229

4

0.008

1.403875

1.453651

1.402414

1.00551

1.022288

0.977224

The distributions of sediments to the downstream branches can be described by the following
equations:
For sediment size=0.190mm
= 0.5566( )1.7029

(1)

= 0.5236( )1.9199

(2)

= 0.5038( )2.0569

(3)

For seiment size=0.260mm

For sediment size=0.275mm

1.5

d=0.190

1.4

s1/s2

1.3
1.2
1.1
1
0.9
1.3

1.4

1.5
q1/q2

1.6

Fig-4: Variation of s1/ s2 with q1/ q2

1.7
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The experiments were conducted in a physical model to estimate the coefficient and exponent of
the nodal point relationship (power relation) for different sediment size and different upstream
discharges. The value of coefficient “K” in the nodal point relation given in the above equations
decrease as sediment size increases. The value of the exponent t“m” in the nodal point relation
increases as the sediment size increases.

CONCLUSION
The following conclusions may be drawn from the present investigation.
1. Nodal point relations which describe the distribution of sediments at channel bifurcation were
developed for different sediment size. It was found that the size of sediment is the major
variable for the distribution of sediments at channel bifurcation. As the sediment size
changes, the power and the coefficient of the nodal point relation change to a great extent.
The value of coefficient “K” in the nodal point relation decreases as sediment size increases
as shown in Eq.-1 to Eq.-3. The value of the exponent “m” in the nodal point relation
increases as the sediment size increases observed from Eq.-1 to Eq.-3.
2. The geometry of model shown in fig-2, the left branch i.e. Old Kasai bifurcated at angle of
23º and left branch i.e. New Kasai at an angle of 14º from the line of symmetry. From the
experimental result, it has been observed from table no-1 that the value of s1/ s2 increases as
the particle size increases. Therefore, it may concluded that, larger sediment particle size has
the tendency to be deposited more in Old kasai with greater bifurcation angle as compared to
that of right branch of New kasai with lesser bifurcation angle.
3. The gauge-discharge data obtained from model run are plotted in fig-5 and compared with
that of gauge discharge prototype data of 2014. The fig-6 shows that there is a good
conformity between the model and the proto i.e. the actual river. For low discharges, there is
no flow through the New Kasai river in field. So, no comparison can be done in low
discharges. But, it is clear from the comparison that for moderate and high discharges the
model may be taken as proved.
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NOTATION
The following symbols are used in this technical note:
= widths of Branches old kasai and new kasai, respectively;
m = exponent in nodal point relation;
K = coefficient in nodal point relation;
,

=discharge in main branches and bifurcated branches respectively;

,

=discharge per unit width in Branches old kasai and new kasai respectively;

,

=sediment transport in main branches and bifurcated branches respectively;
= sediment transport per unit width in Branches old kasai and new kasai, respectively;

and θ=nose angle.
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In the present work we investigate the global frequency selection of two-dimensional vortex shedding in the flat plate wake using mean flow features based on experimental measurements and
numerical methods. The spatio-temporal analyses were carried out on the experimental mean flow
velocity profiles to estimate the global frequency at the end of the locally absolutely unstable domain of the flow, and is in excellent agreement with the global stability analyses. The role of the
stagnation point on the global stability of flows were also investigated and the local frequency at
the stagnation point in the flow is found to agree with the selected frequency of the flat plate wake.

Ever since the seminal work by Strouhal [1] the frequency selection of periodic vortex shedding in the wakes of
flows past obstacles have been of interest to both researchers and engineers [2–5]. With the advances in experimental
measurements, the frequency selection criterion has been proposed [5–7] and verified using theoretical methods [4, 6, 8–
10] aided by numerical simulations [10–15]. The criteria for the existence of global mode dynamics in a spatially
developing flow, and a prediction for the selection of the frequency were advanced by [6] using spatio-temporal
dynamics of oscillatory flows. The saddle-point criterion [6] was explored by [10] for studying the global dynamics
of symmetric and asymmetric wakes behind a rectangular forebody. It was further extended in particular by [12]
where they outlined the frequency selection using fully nonlinear Navier–Stokes equations for a ‘synthetic wake’, and
subsequently Pier [13] demonstrated that the same criterion holds for wake flows around solid obstacles. The objective
of the present work is to investigate the frequency selection criterion and the role of the stagnation point in the wake
flow behind a flat plate using experimental observations, and numerical stability analyses.
The global dynamics of the spatial structure downstream of bluff body flows were accurately established, along with
the global frequency selection based on a local spatio-temporal stability analysis [12–14]. It was observed in [10, 13]
that the global frequency predicted from the mean flow of bluff-body wakes to be in good agreement with the global
nonlinear dynamics. The mean flow profiles were found to give excellent predictions for the global frequency in the
cylinder wake [13], which is being extended to the flat plate wakes in the present study. An excellent pedagogical
review on the flow dynamics along with the mathematical tools used in the present study can be found in [16]. The
linear stability analyses were carried out on time averaged mean flows, which were assumed parallel for simplicity
rather than the unperturbed base flow. The free stream velocity U∞ and the flat plate thickness D were used as
the velocity and length scales. Behind the flat plate at different streamwise locations the mean velocity profiles
were captured using experimental methods, which were then further discretised along the wall normal direction y
using Chebyshev collocation points. The Orr–Sommerfeld equation which governs the linear stability of waves [17]
is then solved at the specific streamwise location x for the dispersion relation between the complex frequency ω and
the complex wavenumber k using standard spectral methods [18]. By applying the classical Briggs–Bers criterion
[13, 19, 20] of zero group velocity condition the absolute frequency ω0 (x) is then obtained.

(a)

(b)

(c)

(d)

FIG. 1. (a) Mean velocity profile at a streamwise location just downstream of the stagnation point x = 1.045D (xst = 0.986D)
with (b) the complex frequency ω in the complex wavenumber plane at this location. (c) Contour plot of the time-averaged
mean flow velocity profile in the wake behind the flat plate, and (d) the variation of the local absolute frequency ω0 along the
streamwise direction. Parameter settings: Re = 1850.
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Figure 1(a) shows the time-averaged mean flow velocity profile at a streamwise locaiton x = 1.045D just downstream
of the stagnation point at Re = 1850. The experimental setup along with the measurement techniques can found in
[21]. The corresponding complex frequency ω(k) at this streamwise location in the complex k plane satisfying the
saddle-point criterion is shown in figure 1(b). The contour plot of the time-averaged mean flow of the streamwise
velocity component in the wake of the flat plate is shown in (c). The variation of the absolute frequency ω0 along
the streamwise direction is shown in (d) where it can be observed that at the stagnation point, xst = 0.986D, the
flow is absolutely unstable, with the front of the transition from the absolute to convectively unstable region located
just behind the stagnation point. This ensures the presence of self-sustained oscillations [11] with the dimensional
local frequency at the end of the absolutely unstable (AU) region being 34.49 Hz. Experimentally it has been found
that frequency of the vortex shedding behind the flat plate is around 34.2 Hz with the frequency obtained by spatiotemporal analysis at the end of the AU region in excellent agreement with the global wake frequency with an error
percentage (< 0.78%).
The preliminary investigations have indicated that the global frequency of the wake flow behind flat plates are
well predicted by the local absolute frequency near about the stagnation point using time-averaged mean flow profiles. Further results at different flow conditions from the numerical investigations coupled with the experimental
measurements will be presented in the conference.
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1. INTRODUCTION & OBJECTIVE

The exponential growth in massive population owes to increase in the height of a building.
The design of such tall structures very much depends on the wind induced responses to them.
The construction of alphabetic shapes is quite popular though it enhances the aesthetic beauty
of the structure and also its fulfilling functional requirements. The wind effects on various
geometrical shapes are explored by Lam et al. (2009) and Li and Li (2016) considering H and
L plan shaped tall building. The wind pressure on various faces on U and L shapes has been
presented by Gomes et al. (2005). The effect of side ratio on the distribution of wind
pressures on rectangular buildings has been discussed by Amin and Ahuja (2013). The
information related to the effect of change in height on alphabetic plan shaped irregular tall
buildings is not available on previous articles. Though the variation in height is a crucial
parameter in designing a wind-resistant structure, it is absolutely necessary to conduct a study
incorporating this effect. The U alphabetic irregular plan shaped tall building is considered in
the presented study because this shape is considered most of the times to construct academic
buildings, public buildings and shopping malls etc.
The present study demonstrated the variations in drag coefficients, moment coefficients, mean
pressure coefficients and pressure coefficients of U plan shape tall building due to the change
in aspect ratio by numerical simulation using Computational Fluid Dynamics (CFD). The
primary building model having the length (L) of 250 mm, breadth (b) of 150 mm, limb width
(b’) of 50 mm and the height(H) of 500 mm is taken in our current study to calculate the wind
responses at 0° wind incidence angle. Further, the 1:300 geometrical scaled-down models
having same plan area and side ratios but different height ratios (H/L) from 0.5 to 5 at an
interval of 0.5 is considered to understand the dependency of wind effect along with the
height. The calculated numerical results validation has been done by comparing the values of
the previously published research article and the suitable mess size for the simulation has been
executed by mess refinement study. The pressure contours of different faces and wind flow
patterns around the buildings illustrates the actual wind behaviour in detail. The high
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magnitude of wind responses has been observed with the change in height. The locking
phenomenon of wind has been visible in the aspect ratio between 3.5 to 4.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The various buildings, as shown in Fig. 1, has been numerically simulated by k-ɛ turbulence
model in an atmospheric boundary layer (ABL) flow generate domain having a close
boundary of 5H from the building model in case of the inlet, roof and sidewalls. However, the
close boundary at 15H distance is taken for the outlet. The selection of large domain is free
from the restriction of wind flow and the calculation of blockage correction. The power-law
equation creates the boundary layer where the exponent (α) has been taken as 0.133.

Fig. 1 Analytical building models for numerical simulation (all the dimensions are in mm)

(a)

(b)

Fig. 2 (a) Comparison of drag coefficient of the various building (b) Wind flow pattern around the building

The drag force coefficient of the buildings has been increased with the increase in aspect ratio
gradually from 0.5 to 3.5. Nevertheless, the negligible increase in force is observed from 3.5
to 4 height ratio. That indicates the locking phenomenon of wind. Further increase in height
leads to increase in force. The variation in moment coefficient of building and pressure, mean
pressure coefficient, pressure contour on building faces has been noticed with the change in
height due to the difference in wind flow, velocity and turbulence around the building.
REFERENCES
1. K. M. Lam, S. Y. Wong, and A. P. To, “Dynamic wind loading of H-shaped tall buildings,” 7th AsiaPacific Conf. Wind Eng. APCWE-VII, July, 2009.
2. Y. Li and Q. S. Li, “Across-wind dynamic loads on L-shaped tall buildings,” Wind Struct. An Int. J., 23,
no. 5, pp. 385–403, 2016.
3. M. G. Gomes, A. M. Rodrigues, and P. Mendes, “Experimental and numerical study of wind pressures on
irregular-plan shapes,” J. Wind Eng. Ind. Aerodyn., 93, no. 10, pp. 741–756, 2005.
4. J. A. Amin and A. K. Ahuja, “Effects of Side Ratio on Wind-Induced Pressure Distribution on Rectangular
Buildings,” J. Struct., 2013, pp. 1–12, 2013.
Indian Institute of Technology Kharagpur

2|Page

1st Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/FM-20-055

Development of Flow and Acoustic calculation method for
design of Tunable Acoustics Combustion Test Rig
Rohit Mohan Jiwane1a and Krishnakant Agrawal1b
a
b

Department of Mechanical Engineering, Indian Institute of Technology Delhi, New Delhi, India
Department of Mechanical Engineering, Indian Institute of Technology Delhi, New Delhi, India

Extended Abstract
Combustion Dynamics is a significant challenge in industrial, gas turbine combustors and
rocket engines, which can cause hardware fatigue life reduction or even catastrophic failures.
Combustion dynamics arises due to the interaction of flame instabilities with the combustion
chamber acoustics. Hence, arrangements to control the chamber acoustics and determination
of the pressure oscillations are important in any experimental setup targeting combustion
dynamics studies. This feature has been referred to as tunable acoustics in the literature.
However, it is found only the final design of such an arrangement is shown in available
literature and the focus is more on the combustion studies.

Figure 1. Few designs of tunable acoustic test rig for combustion dynamics studies from literature
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Design of tunable acoustic test rig by itself is an interesting technical problem, and is not so
well discussed in literature. This gap is addressed in the present work where governing
equations and modelling considerations needed to capture chamber acoustics accurately are
discussed. Further, design exploration to achieve the tunable acoustics is also presented. This
is targeted towards development of an experimental setup for studying thermo-acoustic
behaviour of an experimental combustor setup for studying combustion dynamics of turbulent
flames. Furthermore, acoustic length scales are largest in the problem and hence are needed to
be calculated first for the rig design. The aim eventually is to achieve a tunable acoustic
combustion rig design which can vary chamber acoustic frequency to cover entire range of
frequencies of interest for gas turbine combustors.

Numerical Setup and validation
In present project, help of three-dimensional finite-element based COMSOL software package
is taken for analysing the chamber acoustics of the test rig, after validation with chamber
acoustic results from a similar rig from literature. Incorporation of the mean flow effects on
the standing acoustic wave pattern were achieved by coupling the compressible flow solver
module with the linearized oscillating potential flow (for acoustics) module in COMSOL. This
is required

to solve for the acoustic perturbations on top of the mean flow, which is

significant in combustion applications. The acoustic pressure can also be solved with velocity
as the principle variable. This helps in incorporating effect of background mean flow by
having all governing equations (acoustic or mean) in term of velocity.
Assuming the flow to be irrotational, the velocity potential field, Φ, can be defined such that 𝑽
= ∇Φ, where 𝑽 is the mean velocity field. This can be used for solving the mean flow velocity

field in the domain with conditions like mass or velocity inlet and flow outlet and is referred
to as the Compressible Potential Flow (CPF) module in COMSOL. Compresssibility effects
are inherent by use of an equation of state for an ideal gas (assuming the flow is isentropic) is
then included to close the system of equations.
With the mean flow field calculated, the focus is on the main target, that it to calculated the
oscillating of the acoustic velocity field. This is accomplished by using the Linearized
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Potential Flow (LPF) module equations in COMSOL subject to the appropriate boundary
conditions. For the LPF, the conservation of mass and momentum are used along with the
equation of state for an ideal gas (assuming the flow is isentropic). The equations are then
decomposed into time-independent and acoustic components, and linearized about the mean
flow (neglecting nonlinear terms). In this case, the acoustic potential, ϕ, is related to the
acoustic particle velocity (v) by
𝐯 = ∇ϕ

The second order wave equation, achieved by combining governing equation for continuity,
momentum and state can then be written as
𝜌
𝜌
𝑖𝜔(𝑖𝜔∅ + 𝑉. 𝑉∅) + ∇. [𝜌∇∅ − 2 (𝑖𝜔∅ + 𝑉. 𝑉∅)𝑉] = 0
2
𝑐
𝑐

which is commonly referred to as the Helmholtz equation (expressed here in the frequency
domain). The term capital V, is the background mean flow velocity field obtained by solving
the CPF module. The equation can be solved, subject to the boundary conditions, to obtain the
acoustic potential. Once the acoustic potential is known, the acoustic pressure can be found as
𝑃 = −𝜌(𝑖𝜔∅ + 𝑉. 𝛻∅)

When the background velocity is zero, the acoustic potential can be uniquely determined for a
specified acoustic pressure. However, when the background velocity is non-zero, the acoustic
pressure depends on both the acoustic potential and its gradient. With proper selection of the
acoustic boundary conditions, and domain conditions such as variation of temperature in
combustion chamber affecting speed of sound and fluid density, frequencies and the acoustic
mode shapes were predicted well by the current numerical setup.
For validation, we are taking a case study of the burner with combustion chamber and the air
and fuel supplies as shown in figure 2. It consists of two plenums to supply air to two swirlers,
therough which the fuel-air mixture is issued to stabilize the counter-rotating swirl flame.
However, we presently only focus on the acoustic of the domain. The two plenum inlets had
orifice plates helping in maintaining sonic flow or choking conditions. Since flow velocity
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cannot fluctuate a choking boundary, it is acoustically treated as a sound hard wall and the
same is applied in the COMSOL simulation. At the downstream exit of the combustion
chamber, a perfectly matched layer was applied. For the mean flow CPF module, mass flow
inlet is applied at the plenum inlet boundary and flow outlet at the downstream combustion
exit.

a)

b)

Figure 2. a) Test rig for combustion chamber acoustics validation b) Experimental sound presssure
power spectrum indicating resonant frequencies (Arndt et al. Exp. Fluids, vol. 56, 2015).

The CPF module is solved first to provide input to the LPF (or acoustics) module, which is
solved with a frequency sweep with constant acoustic forcing. A sensitivity study was carried
out where various modelling assumptions were successvily relaxed to assess the variation. The
cases are: simple chamber acoustics without any effect of domain temperature variation,
chamber acoustics with domain temperature variation, chamber acoustics with temperature
variation as well as the mean background flow effect. Resonant frequencies are captured using
acoustic pressure probes at multiple points in the domain and are listed in Table 1. When
comparing with the experimentally observed frequency peak near 392 Hz, it is observed that
with the addition of temperature profile the frequency range goes closer to the experimental
value (from ~383 Hz to ~389 Hz). Also with the addition of background flow the simulated
frequency is almost completely matching with the experimental value (~392 Hz).
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COMSOL
simulation
without
domain
temperature
variation
Resonant frequency (Hz)

COMSOL
with
temperature
Resonant
(Hz)

simulation
domain
variation
frequency

COMSOL
simulation
with domain temperature
variation and the mean
background
flow
Resonant frequency (Hz)

92

91

110

119

118

140

383

389

392

521

519

530

566

565

910

886

895

1050

Table 1. Comparison between eigenfrequency with different condition for the validation case taken
from literature

a)

b)

Figure 3. Contours from present simulations for the validation case a) CPF solution in terms of mean
flow velocity, b) LPF solution in terms of the acoustic pressure
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It can be seen that even the sensitivity is also not that strong and one might even consider
simulating the phenomenon with simple pressure acoustics without any background flow
coupling. This might help while dealing with complex gemoetries leading to large
computational mesh. However, in present work, the effect of background flow are
incorporated for better accuracy as well as evaluating scenario where small passage
dimensions in rig design and lead to flow acceleration near choking conditions and have large
impact on chamber acoustics. The contour field of mean flow velocity and acoustic pressure
are shown in figure 3.

Design of a tunable acoustic test rig
A preliminary design of overall rig dimensions were carried to understand frequency ranges of
interest using the method, while simultaneously also calculating the associated changes in
pressure-drop with modification of geometry of the test rig. Details of various geometric
variations and associated changes in chamber acoustics will be shown in full paper. However,
the Table 2 presents the frequencies captured as a result of these variations. It is targeted that
the rig has to replicate the acoustic behaviour of the real scale combustor (typical frequency in
range 30-400 Hz for the longitudinal modes), and hence the capability to have tunable
acoustics is needed for this range. The table represents limits of frequency with extreme of a
geometric change. Feasbility if the geometric variations and associated design need to be
further explored.

Indian Institute of Technology Kharagpur

6|Page

Fluid Mechanics (FM)

Between 1-100 Between
Hz
200 Hz

100- Between
300 Hz

200- Between
400 Hz

300- Between
500 Hz

22

102

206

310

406

38

106

214

314

430

42

110

238

322

434

46

122

246

376

438

54

162

250

378

442

58

166

258

382

466

70

170

262

386

478

86

174

266

94

178

400-

486

Table 2. Frequency range for various geometric variations done to achieve tunable acoustics

A glimpse for test rig design studies (complete details will be shared in full paper).
Schematic of the proposed combustion test rig is shown in figure 4. Basic dimensions of
different components of test rig as diffuser, plenum, flow conditioner and straightener, mixing
and burner section, combustion chamber, transition and exhaust tube etc. were selected based
on literature. Then the flow rate were estimated based on available tank capacity and
pressure drop in the rig was calculated based on pressure loss coefficients available in
literature.
Modelling details in COMSOL are shown in fig. 5 and 6, in terms of boundary conditions and
computational mesh. To improve accuracy, temperature profile was given to different section
of the geometry and the effect of mean flow is captured. Pressure drop calculations will be
helping in taking design decisions for fabrication of test rig and are also done for all cases
with geometric changes, along with the acoustics study. Sample results from the CPF module
in mean flow are shown in fig.7 and the acoustic mode shapes are shown in fig. 8.
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Figure 4. Outline of the proposed combustion test rig

Figure 5. Experimental test rig with boundary and domain conditions

Figure 6. Meshing in COMSOL
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Figure 7. Velocity variation in the rig

a)

b)

c)

d)

e)
Figure 8. Acoustic mode shapes (magnitude irrelevant due to no damping) with background flow for
one geometry configuration for target test rig (a) 1st mode shape corresponding to the frequency of 86
Hz, (b) 2nd mode shape -102 Hz, (c) 3rd mode shape - 170 Hz, (d) 4th mode shape - 258 Hz, (e) 5th
mode shape - 378 Hz
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Conclusion and Future recommendation
Present studies are useful to highlight key aspects of modelling method needed to capture the
chamber acoustic physics with presence of mean background flow and temperature profile due
to combustion. Different components of test rig such as diffuser, plenum, flow conditioner and
straightener, mixing and burner section, combustion chamber, transition and exhaust tube etc.
were designed based on literature. Then the flow rate were estimated based on available tank
capacity and pressure drop in the rig was calculated based on pressure loss coefficients
available in literature. Dimensions of various rig components were varied to get impact of the
chamber acoustics and resonant frequency peaks (not presented in this document and will be
included in full paper). Further detailed studies would be needed to make the rig compact and
get simple arrangements to achieve the tunable acoustics over the entire frequency range of
interest.
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1. INTRODUCTION & OBJECTIVE

Lean premixed combustion is an effective strategy in high combustion intensity applications
such as gas turbine combustors to achieve very low NOx emissions without use of water for
lowering flame temperatures. However, a major challenge is to achieve complete premixing of
fuel and air in the limited space and time available before combustion. Complete premixing of
fuel-air prior to combustion is important to prevent local pockets of high fuel-air equivalence
ratio. Experimental studies are limited in their capabilities to provide detailed information on
spatio-temporal data and also have constraints with cost and time-schedule. Numerical studies
have advantage of providing detailed flow-field information and allowing relatively
inexpensive design iterations. However, they needed to be validated against reliable and detailed
experimental data to be suitable for this purpose.

Figure 1: Key images from study (Model, Mesh, grid independence study, validation results)

The major challenge in finding data for validating the fuel air mixing in gas turbine
combustors is that most of the measurements are done mostly in or after the combustion. In
present study, a laboratory scale 300 kW swirl stabilized lean premixed (LP) burner from
literature is utilized, which is having detailed measurements of fuel-air mixing (using laser
diagnostics) in an optically accessible long cylindrical tube after fuel injection and before the
combustion chamber. Using this setup, which was tested for flame flashback and flame
stabilization issues in the literature, an extensive validation of a numerical setup is done in the
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present work to develop a computationally affordable tool for such swirling flows using CFD
simulations. In an ANSYS workbench platform, various RANS based CFD turbulence models
were validated with the detailed spatial (and temporally averaged) fuel-air mixing profiles
available from the cited test case along with sector cut model. A grid independence test was
also performed to find optimum grid refinement level. All key images are shown in figure 1.
Key focus was to have optimum usage of available computational resources towards best
accuracy, which is important for design exploration. Also, domain reduction strategy utilizing
symmetry in the problem were also utilized and confirmed with the full domain model. With
such accurate details on the geometry, computational mesh, and appropriate choice of the
turbulence model suited for relevant physics, an excellent agreement was found between the
numerical and experimental results with a reasonable computational effort. This study will be
helpful to guide such choices in similar endevours and also lead our studies on creation of a
rapid premixing device design for real scale industrial combustion devices.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In this study, a radial type swirler was utilized. Few phenomena were compared with
experimental results such as axial fuel decay profile and radial distribution of fuel mass fraction
with and without presence of a long combustion chamber, combustion chamber outer
ricuculation zone (ORZ) and inner recirculation zone (IRZ) capturing ability of the RANS
turbulence models. Most turbulence models predicted the same exponential decay but with
significant variations which is acceptable. Some models predict the flow field in an unrealistic
manner. It was observed that various turbulence models (such as variations of k-ε, k-ω and
Reynolds stress models) were observed to behave quite different with use of different
discretizations shcemes also and found that the SST k-ω and RSM stress BSL turbulence models
reproduced the experimental results quite well as shown in figure 1, while standard k-ω model
was also close enough. Further, it was found that optimum meshing strategies for accurately
capturing the mixing are important, such as mesh refinement near fuel-air interface by using a
body of influence technique, inflation layer, grid-independence etc.
REFERENCES
1.
2.
3.
4.

McAllister S., Chen JY., Fernandez-Pello A.C. (2011) “Non-premixed Flames (Diffusion Flames). In:
Fundamentals of Combustion Processes.” Mechanical Engineering Series. Springer, New York, NY
M. R. Mafra, F. L. Fassani, E. F. Zanoelo and W. A. Bizzo, “Influence of swirl number and fuel equivalence
ratio on NO emission in an experimental LPG-fired chamber,” Appl. Therm. Eng, vol. 30, pp. 928-934,
2010. DOI: 10.1016/j.applthermaleng.2010.01.004
P. M. Anacleto, E. C. Fernandes, M. V. Heitor & S. I. Shtork (2003) Swirl flow structure and flame
characteristics in a model lean premixed combustor, Combustion Science and Technology, 175:8, 13691388, DOI: 10.1080/00102200302354
I. Yılmaz, “Effect of swirl number on combustion characteristics in a natural gas diffusion flame,” Journal
of Energy, vol. 135, pp. 042204, 2013. DOI: 10.1115/1.4024222.

Indian Institute of Technology Kharagpur

2|Page

1st Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/, Paper ID: ICRACEM/2020/FM-20-058

Numerical Investigation on Supersonic Flow of Convergent
Divergent Nozzle
Nagarajan.P1a, Dr.S.Periyasamy1b
a

b

P.G scholar, Government College of Technology, Coimbatore, Tamil Nadu
Associate Professor, Government college of Technology, Coimbatore, Tamil Nadu

Abstract: Computational Fluid Dynamics is a used for simulation of fluid flow occurs the body
by solving the mathematical equations. As the processing power of the computers have increased.
Now a days computational fluid dynamic tools are very extensively used to its formulations. This
tool is very accurate and gives more accurate the results. Computational fluid dynamics analysis and
simulation to predict the best aerodynamically perform the supersonic flow of CD nozzle. The
dependence on CFD results have increased in last few years. In CD nozzle the Mach number, around
Mach 2 and its above. In the present paper to design an CD Nozzle in CATIA V5 Software, and to
analysis the CD nozzle on the parameters of to find the Mach Number, Temperature contour,
Pressure Contour. It may be are calculated at mesh using CFD analysis software ANSYS Fluent.
This will helpful for researches those who are working in this area.
Keywords: CD Nozzle, CFD, Mach number, Pressure contour.

1. INTRODUCTION

The energy expels from the rocket comes mostly in the form of kinetic energy. The rest
of the stored as temperature and pressure into an kinetic energy which makes the more
efficient. Then the converging diverging nozzle (CD nozzle).The converging has a
narrow, and diverging section has a wider. As the gas moves to the converging section it
must be accelerate in less and less space. And the throat in between the converging and
diverging section the gas has a some property. And it is travelling the velocity so high it
can no longer extension formation itself. From the opposite side of CD nozzle, the gas
accelerates gain that more and more space. The CD Nozzles essentially it turns a high
temperature and high pressure into a more kinetic energy. The exhaust gas is now
fasters, coolers, and some pressure. It makes some propulsion system much more
efficient. Then the pressure and temperature drop as the gas can accelerate. In
thermodynamic nozzle they may be increases and decreases in specific relations.
2. OBJECTIVES OF THIS PAPER
The main objectives of this paper is to optimize the design of CD nozzle and analysis the
result, and they may be increases to performing it. By using the boundary conditions to
calculate the Pressure contour, Temperature Contour, Velocity Contour, Mach Number
ratio.
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3. METHODS OF ANALYSIS
PROCEDURE

DETAILS

Problem Setup -General-Solver

Type: Density based, Velocity : Absolute,
Time: Steady 2D space: Planar

Models

Energy :On, Viscous: Inviscid

Materials

Fluid :Air, Density: Ideal Gas

Boundary conditions

Inlet : Pressure Inlet Gauge- Total Pressure
(Bar): 5 Bar and 10 Bar
Outlet : Pressure Out let Gauge Pressure(pa):
101325 Pa

Reference Values

Compute from : Inlet, Reference Zone: CD
Nozzle solid

Initialization

Standard Initialization Compute from Inlet.

Solution

Solution Controls – Courant Number=1. Run
Calculation: Enter the Number of iterations,
the graph may until converge.

4. CONCLUSION
The nozzle plays a vital role in producing thrust and controlling the speed and direction
in different applications like aerospace and rocketry. In this study, simulations were
performed to carry out an analysis of fluid flow inside the nozzle, shock simulation
inside the nozzle using the k-e model, energy equations then comparing it with the
inviscid flow.
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1. INTRODUCTION & OBJECTIVE

Spar platforms are the most economical and efficient type of offshore floating structure which
is smaller in size and the structures that have been installed and operated by the offshore oil and
gas industry in many offshore filed locations for the production of oil and gas. The no of spar
platforms have been installed for the production of oil and gas in the offshore field like Gulf of
Mexico, North Sea and West of Africa etc.
This paper deals with the second-order hydrodynamic effects on coupled dynamic response of
spar and mooring lines in the different offshore seabed topographies under the cumulated action
of the wave, wind and current loads. The effects of second-order wave loads on the response of
three semisubmersible floating offshore wind turbines studied by Zhang et al. (2020). The
objective of the present work is to explore and compare the hydrodynamic responses of spar for
the different seabed topographies at three different offshore field locations in two water depths
(318 m, and 1018 m) subjected to different environmental loads. The diffraction-radiation
software Orcaflex which is commercially available has been used for this analysis. In order to
investigate the effect of actual wave load, wind load, current load, and the seabed topography
on the response of spar, the three different offshore field location viz. Gulf of Mexico, North
Sea and West of Africa have been considered in the analysis. Parametric studies are conducted
to investigate the effects of various hydrodynamic forces in different directions with wind and
current load along with seabed topography on the response of the spar, including maximum
amplitude, standard deviation, mean and minimum. The effect of second-order hydrodynamic
force on the spar motions and mooring line tensions are interpreted and made the comparison
by using Newman’s approximation technique and the full Quadratic transfer function (QTF)
technique. A strategy based on Finite element model approach which permits the physical
connection between the multi-segment elastic catenary lines with seabed topography is
considered. The structural and geometrical parameters have been obtained from the work of
Chen et al. (2001). The validation of the model has been carried out by comparing the natural
time periods, RAOs and statistics of response available in the literature (Steen et al. 2004;
Wangz et al. 2010). The advantage of nonlinear modeling is also highlighted in this work, which
reinforces the necessity of complex nonlinear modeling in problems like the one undertaken in
the current study.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
A free decay analysis of spar structure has been carried out and good results of match of natural
periods between experimental work and present study are obtained as shown in Table 1.
Table 1: Comparison of natural time periods from the present study and Chen et al. (2001)
Directions
Surge
Heave

Chen et al. (2001)
331.86
29.03

Present study
320.51
29.00

Pitch

66.7

59.77

Table. 2 shows the statistics of response for spar structure in surge, heave and pitch motions.
Table 2. Statistics of response considering QTF for spar structure in 1018m depth

Surge

Heave

Pitch

Golf of Mexico

Maximum
93.015

Std. Dev.
17.886

Mean
2.665

Minimum
-56.050

North Sea

106.417

27.819

5.113

-77.788

West of Africa

51.814

13.927

1.821

-41.254

Golf of Mexico

-139.900

8.949

-196.607

-223.130

North Sea

-67.355

17.273

-187.504

-228.308

West of Africa

-163.903

7.936

-196.288

-217.667

Golf of Mexico

36.692

10.004

-0.826

-39.653

North Sea

48.258

15.498

-1.258

-58.923

West of Africa

29.193

8.456

-0.905

-31.169

Through the coupled dynamic model analysis, effect of hydrodynamics on spar considering
different seabed topography has been demonstrated. The second-order difference hydrodynamic
force can excite the resonance of spar motion especially for the spar surge motion, which can
be lead to structural failure. The QTF technique should be applied to analyze the second-order
hydrodynamic force to calculate the actual dynamic response of the spar structure. The results
show that the std. dev. values in surge, heave and pitch lower frequency motions is worng
estimated when ignoring the full QTF metod. Thus, considering QTF, maximum low frequency
response which may generates due to second-order wave drift force can be calculated. The
results thus obtained from the study may provide a better insight into dynamic behavior of spar
under wave, wind and current loads on various offshore locations which may help in the more
effective and economically viable design of spar and mooring line.
REFERENCES
1. L.X. Zhang, W. Shi, M. Karimirad, C. Michailides, Z. Jiang, “Second-order hydrodynamic eects on the
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1. INTRODUCTION & OBJECTIVE

Due to fast growing economy and urbanization, energy demand has been extensively increased
in the building sector and almost 40 % of the total energy is consumed by HVAC for the space
cooling applications in India. Most of the HVAC equipments are designed on the peak load
demand which last for only few hours. In order to match demand and supply, an effective energy
storage system is required to be integrated with chiller unit for effective energy management.
The cool thermal energy storage (CTES) using phase change materials (PCMs) is utilized to
store the cool energy during the off peak hours and discharging the stored energy during the
peak demand period. Water is most suitable medium owing to its high thermal conductivity and
latent heat. However, the major drawback of using water as the PCMs is its high degree of
subcooling that involves the operation of the evaporator at a temperature well below 0 °C. It
consumes an addition energy consumption of 3 % – 4 % / unit of temperature drop [1].
Considering the pressing need to develop energy efficient CTES system for energy intensive
sector particularly for building cooling, the objective of present work is to investigate the
subcooling and solidification characteristic of de-ionized water (DI Water) with addition of
Natural Graphite Flakes (NGFs), Iron oxide nanoparticle (IONP), pseudomonas and D-Sorbitol
as the dispersants.
2. MATERIAL AND METHODS
The composite PCMs (CPCMs) were prepared using DI water as base PCM and NGF, IONP,
pseudomonas and D-sorbitol as the additive. The preparation method involves mixing of
additives (1 wt. %) with the base PCM followed by magnetic stirrer for 15 min and probe
sonication at frequency of 20 kHz for 40 min. The size of dispersed particle was measured using
a scanning electron microscope (SEM) and it was found to be 2 – 4 μm (NGF), 50-70 nm
(IONP). The spherical glass capsules of 64 mm outer diameter with 1 mm wall thickness was
filled upto 80 % of the volume by the prepared PCMs and solidification experiments were
carried out at surrounding bath temperature (Tsurr ) of −7 °C in the test facility as presented in
Figure 1. The detailed arrangement and working of the test rig will be presented in the
manuscript.
3. RESULTS AND DISCUSSION
Figure 2 shows time – temperature (T-t) history of the CPCMs. As shown in the figure, there is
a substantial reduction in subcooling from −5.4 ℃ to −2.8 ℃ for D-sorbitol due to the heat
librated in a meta-stable region by the formation of hydrogen bond. However, The solidification
duration increased by 9 min, compared to water and this could be due to lower thermal
conductivity of D-sorbitol that hindrances of heat transfer. It has been obviously observed from
the results that addition of NGF, IONP and pseudomonas completely eliminated the subcooling.
Indian Institute of Technology Kharagpur

1|P age

Fluid Mechanics (FM)

The maximum reduction in solidification duration of 14 % was observed for CPCM with 1 wt.
% NGFs, owing to high conductive flakes and larger specific surface area that initiated the
nucleation at a faster rate. The detailed discussion of solidification behaviour of CPCM will be
discussed in manuscript. The total energy stored in encapsulated volume is calculated and the
results will be presented in manuscript. The fraction of volume solidified is determined at three
different locations will be discussed in manuscript. It was observed that considerable energy
saving potential can be achieved by not operating the chiller unit during decelerated charging
period in the CTES system. The synergetic effects of partial charging and reduction of
subcooling will be helpful to march forward towards the development of energy efficient CTES
system for the building cooling applications.

Figure 1. A photographic view of the solidification test rig.

. Figure 2. T-t history of CPCMs
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1. INTRODUCTION & OBJECTIVE

This study investigates variations in peak pressures among different faces of a 'Z' shaped
building model tested using numerical simulation technique. The definition of the building
surfaces, dimensions and location of the pressure measurement points are shown in Fig 1.
Maximum positive and minimum negative peak pressures for each surface and the variation of
gust factor (GF) along the vertical centre line of different faces of the building corresponding
to 0⁰ and 90⁰ wind angle are presented. For the purpose, the Computational Fluid Dynamics
(CFD) package of ANSYS-CFX is used. The length scale is considered as 1:300, and the
velocity scale is taken as 1:5. Contour plots showing changes in peak pressure at different
locations of each surface are also presented in the study. Wind streamlines around the building
for different wind angles of attack are shown from which generation of vortices at the wake
region are perceptible. Lastly, the features of standardised power spectra of wind pressure at
the top part, the main body and bottom part of the building subjected to wind azimuths range
from 0⁰ to 150⁰ are presented.

(a) Plan

(b) Isometric View

(c) Building surfaces and location of pressure points

Fig. 1. Plan, 3D view, the definition of building facades and location of pressure measurement points of the
building model (unit: mm)

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Transient wind analysis is carried out for the proposed building and time history at the
pressure measurement points are acquired for each surface of the building. The peak, mean
and RMS pressure at each location is attained consequently. The pressure coefficients are
1
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determined. Largest positive and least negative peak pressure coefficient for 0º and 90º wind
incidence angle are presented in table 1 and table 2, respectively. Largest positive peak
pressure for Face A is 3.02. There is no positive pressure on Face D, Face E and Face H under
0º Wind angle of attack (WAA). Being the leeward faces, Face A to Face E does not exhibit
positive pressure for under wind angle 90º. It is seen that; least negative peak pressure
coefficient is having the minimum value of -3.70 for Face E under 0º wind occurrence angle.
At 0º WAA, there is no negative pressure on Face B, but even though both Face F and Face G
are leeward faces, the positive peak pressure is obtained at some measurement points where
the average pressure has a negative value. This phenomenon implies high fluctuation in the
pressure due to the generation of vortices in the wake region and separation of flow. Again
Face A and Face C are windward faces under 0º WAA but at some measurement points,
negative pressure is acquired.
Table1. Largest positive peak pressure coefficient for 0º and 90º wind incidence angle

Largest positive peak pressure coefficient
Wind
Angle

Face A

Face B

Face C

Face D

Face E

Face F

Face G

Face H

0º

3.02

2.86

2.66

-

-

2.53

2.47

-

90º

-

-

-

-

-

2.68

2.45

2.91

Table 2. Least negative peak pressure coefficient for 0º and 90º wind incidence angle

Least negative peak pressure coefficient
Wind
Angle

Face A

Face B

Face C

Face D

Face E

Face F

Face G

Face H

0º

-1.99

-

-3.27

-3.52

-3.70

-3.17

-2.54

-3.15

90º

-3.67

-2.12

-2.23

-2.00

-3.50

-

-2.00

-
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1. INTRODUCTION & OBJECTIVE

The construction of modern age building confronted with challenges that involve horizontal
expansion. This promotes not only the vertical development of building but also innovative
shape. Those shapes are looking attractive and fulfilling the demands of the architect. The
reactions on those shape due to wind flow is rather peculiar from traditional building shapes.
The creation of those shapes is quite problematic and need close observations on various
important wind behaviours. The manuscripts provided by several authors have shown the
crucial effect of wind on distinctive shapes. Chakraborty et al. (2014) studied the flow
variation, pressure differences due to varying wind flow on + shape building. The
measurement of the torsional moment, overturning moment and base shear of interference and
isolate T shape buildings has been presented by Ahlawat and Ahuja (2015). Paul and Dalui
(2016) showed pressure contours, vertical and horizontal pressure on various faces of Z shape
buildings using Ansys CFX for 0° to 180° wind angle. Mallick et al. (2019) demonstrated the
wind pressure variations on without curved and curved surface of the building having C shape.
The variation in wind responses around the building of U shape has been investigated having
different limb position, considering the fact that the regular U shape in which the limbs are
presented at extreme corners may not be possible to build because of non-available ground.
The current article indicates the influence of shifted limb position for wind direction 0° and
90°. The one limb of the structure has been relocated at a distance of 0.05L, 0.1L, 0.15L, 0.2L,
0.25L, 0.3L, 0.35L, 0.4L and 0.6L, holding the other extremity at the same location. (L is
taken as 250 mm which represents the length of the building). The 1:300 scale model of
various cases of the limb positions has been analyzed in Computational Fluids Dynamics
(CFD) code of Ansys Cfx taking the turbulence model as k-ɛ. The comparison of pressure
coefficients, across and along wind force coefficients and flow patterns of wind are reported in
this paper to understand the role of the limbs. The suitable mesh size has been found out using
mess refinement study to get the accuracy of simulated values and the calculated responses
have been validated with the results in the published article. This study concluded with
detailed discussions about the influence of various limb position.
1
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The numerical analysis has been carried out in blockage free computational domain in which
inlet and outlet are placed at 5H and 15H distance from the building. The two side and top
clearance from the building are taken 5H. The wind effect has observed in domain floor and
all faces of the buildings where no slip wall condition provided. No responses have been
found in domain roof and sides where free slip wall condition taken. The fine meshing has
been employed around the building and for remaining domain tetrahedral elements are used.
The flow velocity at inlet is 10 m/s and the atmospheric boundary layer (ABL) flow is
generated using the power-law equation.

Fig. 1 Various analytical building models considered for numerical simulation

(a)

(b)

Fig. 2 Comparison of (a) Drag coefficient (b) Lift Coefficient of the various building model for 0° wind angle

The one limb sifting at a distance 0.05L (U1) to 0.3L (U7) draws less drag force compared to
regular one but further shifts up to 0.6L (U10) leading to increase in wind force for normal
wind attack. However, the along wind force gradually increases with the shifting for 90° wind
direction. The shifting of a limb from 0.35 L (U8) to 0.6 L (U10) position indicates significant
across wind response. The changing location of the limb and change in wind direction created
the discrepancy in pressure on different faces of the building.
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1. INTRODUCTION & OBJECTIVE

Single and double component convections have been investigated over a last century due to its
varied applications. However, in many physical situations the existence of more than two
diffusing components has been noted. For example, three (or more) compone nt convections can
be observed in magmas and the substratum of water reservoirs. Furthermore, it can be observed
in thermohaline convection in geothermal systems when the salinity is the combination of many
solutes with different concentrations. In order to study multi-component convection, it is first
important to consider the effect of three components on the onset of convection.
Griffiths [1] studied the effect of third component on the onset of convection and observed that
any small change due to it can lead to considerable consequence on the nature of diffusive
instabilities. Rudraiah and Vortmeyer [2] did linear study of three component convection in a
porous layer with gravitationally stable density gradient. Poulikakos [3] examined the effect of
third diffusive component in a porous medium and concluded that the existence of it
significantly augments the appearance of over-stability modes and the effect of porosity
augments the over-stable region and also influences the direction of asymptote. The interesting
results on three component convections has also been studied by Pealstein e t al. [4], Terrones
[5], Rioner [6] and recently by Sameena and Pranesh [7].
With the relevance of multi-component convection in the industry, the main objection of this
paper is to examine the stability of a horizontal layer convection in g-jitter couple stress liquid
with three diffusing component. In order to control the onset of convection, a linearized stability
analysis is performed by perturbation method and by applying Venezian approach. The effects
of couple stress parameter, two different solute Rayleigh numbers, ratios of two different solute
diffusivities and heat diffusivities, and Prandtl number are analyzed. From this research, it can
be inferred that g-jitter leads to delayed convection.
___________________________
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

Fig. 1: Plot of correction Rayleigh number R 2C versus frequency of modulation  for
different values of couple stress parameter C
The following observations are made from the study:
1. Couple stress parameter, both solutal Rayleigh numbers and Prandtl number stabilizes
or destabilizes the system depending on the value of the frequency of modulation.
2. The effect of modulation disappears for large frequency of modulation.
3. Both the ratios of solute diffusivity to heat diffusivity destabilizes the system.
4. G-jitter leads to delayed convection.
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1. INTRODUCTION & OBJECTIVE

Wind energy has been identified as a suitable alternative to conventional energy sources.
The advantage of offshore wind is manifold. Offshore wind blows over long stretches without
obstruction. More power can be generated from fewer turbines owing to larger wind speeds.
Densely populated coastal cities can be served and valuable land can be saved. Also the noise
pollution can be avoided. Harnessing offshore wind energy at a viable cost, per unit of
production, requires a close interdisciplinary collaboration among researchers. From a structural
point of view, the rotation of turbine blades influences the dynamic responses of a floating
platform while the movement of the platform affects the position and orientation of the turbine
and consequently its aerodynamic performance. The semisubmersible platforms, in particular,
have found great acceptance in the offshore wind industry lately due to their higher stability in
roll and pitch, greater hydrodynamic stability and higher structural stiffness. More recently, one
of the newest semisubmersible platforms to have emerged in the offshore wind industry are the
braceless semisubmersible platforms which, unlike the conventional semisubmersible
platforms, are devoid of any braces to limit the fatigue damage which occurs due to the cyclic
loading of waves. However, full scale tests of such FOWTs are difficult to perform mainly due
to the huge cost and risks involved. Small scale tests include the wind-wave basin tests where
the wind and wave fields are generated by the wind tunnel fans and wave generators separately.
But in reality waves are mainly induced by local winds at a place, hence such studies may not
provide reliable results. Therefore, the focus has shifted towards the development of modelling
and simulation tools for the analysis of hybrid FOWTs under real metoceon condition. The
metocean condition is basically the combination of misaligned environmental loads like;
turbulent wind, irregular wave and current. Significantly, the metocean datas that are utilized
for the analysis of FOWTs has a significant influence on the resulting outputs and conclusions.
This paper deals with three different V-shaped semisubmersible, the details of which in the
following section, designs as mentioned in the work of Karimirad et al. (2015) and their (atural
periods are given in table 1) applicability in three different geographical locations i.e., East
coast, West coast of USA and the Gulf of Mexico coast (Stewart et al. 2015). Realistic metocean
data set released by National Data Buoy Centre were used for the assessment. An integrated
numerical modelling of the V-shaped semisubmersible and its coupled dynamic responses are
studied in time domain under the combined action of turbulent wind and irregular waves.
Variable wind speed data has been generated by the simulator TurbSim (Jonkman and Kilcher
2012), using Kaimal spectrum (Kaimal et al. 1972) with a turbulence intensity of 0.1 and
irregular wave train was represented by JONSWAP spectrum. MATLAB code was also used to
generate the time history of the dynamic thrust force from the turbulent wind speed data. The
responses of the wind turbine and tensions in mooring line have been statistically compared for
each of the design cases under the operational and survival environmental conditions (Koo et
al. 2014) by using hydrodynamic software AQWA (ANSYS 2016).
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Table 1. Comparison of natural periods
V-shaped Semisubmersible

Unit

Heave

Roll

Pitch

Vcd50

18

25

15

Vcd70

18

30

13

24

41

17

25

31

20

Periods (s)

Vcd60(Present)
Vcd60(Karimirad and Michailides 2015)

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The applicability of V-shaped semi-submersible platforms in three different geographical
locations (East, West and Gulf of Mexico coast) of USA has been assessed. Real metocean datas
of these regions obtained from National Data Buoy Centre were made use of during analysis.
These datas include wind speed, significant wave height, wave peak spectral period, wind
direction and wave direction. Dynamic coupled analysis was carried out for a V-shaped platform
under both the operational and survival conditions. The responses of the platform along three
DOF namely surge, heave and pitch and the mooring line tension were analysed.
The results showed that the West coast is the most inappropriate for the V-shaped platform
as the responses of the platform were exceedingly large which is mainly due to the high waves
in this region..
In the Gulf of Mexico coast significant pitch response was observed. The deviation in the
pitch response in the survival condition was found to be almost 6 times as compared to that in
the operational condition. The large pitch response may have a significant impact on the turbine
performance.
East coast has been found to be the most appropriate for deployment of a V-shaped
semisubmersible platform as the responses along surge and heave directions and maximum
pitch response are found to be much lesser.
Overall it can be said that the V-shaped or braceless semisubmersible platform is a
promising new concept and can be used extensively in the offshore wind industry. Careful
choice of diameter at the water line and pontoon radius can lead to an improvement of the Vshaped platform performance in different environmental conditions and water depths.
REFERENCES
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2. M. Karimirad, C. Michailides, “V-shaped semisubmersible offshore wind turbine: An alternative concept
for offshore wind technology,” Renewable Energy, 83, pp. 126-143, 2015.
3. G. M. Stewart, A. Robertson, J. Jonkman, M. A. Lackner, “The creation of a comprehensive metocean data
set for offshore wind turbine simulations,” Wind Energy, 19, pp. 1151–1159, 2016.
4. B. J. Jonkman, L. Kilcher, TurbSim User’s Guide: Version 1.06.00 Tech. Rep. DEAC36-08-GO28308
National Renewable Energy Laboratory, Golden, Colorado, 2012.
5. J. C. Kaimal, J. C. Wyngaard, Y. Izumi, O. R. Cote, “Spectral characteristics of surface-layer turbulence,”
Q. J. R. Meteorol, 98, pp. 563–589, 1972.
6. B. J. Koo, A. J. Goupee, R. W. Kimball, K. F. Lambrakos, “Model tests for a floating wind turbine on three
different floaters,” Journal of Offshore Mechanics and Arctic Engineering, 136(2), pp. 020907, 2014

Indian Institute of Technology Kharagpur

2|Page

st

1 Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/FM-20-069

The flow hydrodynamics around a single and tandem
cylinders
Ainal Hoque Gazi1a1, and Mohammad Saud Afzal1a
a

Department of Civil Engineering, Indian Institute of Technology, Kharagpur, India

1. INTRODUCTION & OBJECTIVE

From life science to engineering applications, turbulent flows are found everywhere in daily
life. A flow field is considered either laminar or turbulent based on Reynolds number, which
is the ratio of the inertia force to the viscous force. With the change of Reynolds number, the
random motion of fluid develops a variation in velocity and pressure [1]. Consequently, the
momentum, the mass, and the energy of the flowing fluids are exchanged. The largest
turbulent eddies interact with the mean flow and extract energy from it through a process
known as vortex stretching. The angular momentum of the larger eddies is conserved during
the process of vortex stretching, which maintains turbulence in the flow. Over time these large
eddies become unstable and break into further smaller eddies. In this process, there is a
cascading of energy from small to the smallest eddies. The energy cascading stops when the
Reynolds number of the smallest eddies becomes unity. At this point, the viscosity dominates,
and the energy dissipation occurs [2].
The turbulence created around the bridge pier loosens the sediment particles around the pier
and the sediments are carried away from the vicinity of the pier, resulting in scour formation.
The scour is considered as one of the major reasons behind the failure of bridges. The recent
studies dealing with the scour are but not limited to Gazi et al. [3], Gazi and Afzal [4], Saud
Afzal et al. [5]. To analysis this, fluid engineers require a potent tool for simulating the
turbulence around the pier. Generally, Reynolds Averaged Navier Stokes (RANS), Large
Eddy Simulation (LES), Direct Numerical Simulation (DNS) are used to model the turbulence
phenomenon. In RANS model, the mean flow and the impact of the turbulence on the mean
flow are the main features, which needs a closure rule. The Boussinesq hypothesis are the
classical closure method, which were formulated in 1872. Also in the RANS model, no care is
taken when smoothing out the model equation, meaning the whole spectrum of the
fluctuations are averaged out, and no special preference is given to any mode or scale.
In this paper, a comparative study of the flow hydrodynamics around a single and tandem
cylinders have been carried out using OpenFOAM toolbox for both circular and square
cylinders. The RANS and LES models are applied to observe flow hydrodynamics around a
single, and tandem cylinders.

1
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The computational domain is taken as 26D x 20D x 3D in x, y and z directions respectively,
where D is the diameter/width of the cylinder. The problem sketch in wireframe view is
shown in Fig.1. Selected domain in this study is comparable to previous researchers, which
eliminates the far-field effects of the boundaries. Grid convergence studies are carried out, and
the most economical one is chosen. The Reynolds number is varied from 253 to 126746
(representing laminar flow to turbulent Flow), which is calculated based on the cylinder
diameter, flow velocity, and fluid density, as shown in Fig 2 and 3.

Figure 1. Wireframe view. Where D is the diameter of the pier and S is the centre to centre distance of the piers.

Figure 2. Velocity variation around a single
cylinder simulated at Reynolds number (Re) =
12674 using LES.

Figure 3. Velocity variation around tandem
cylinder simulated in RANS and LES for circular
piers.
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1. INTRODUCTION & OBJECTIVE
Since last decade, sandwich structures are being extensively used in many industries due to
their attractive properties. Functionally graded sandwich materials are used in
turbomachinery blade in energy and aviation industry for customized application under
adverse condition. In this paper, free vibration behavior of a cantilever conical shell made
of functionally graded sandwich material is studied using finite element method. Two facesheets and a core are used to configure the sandwich conical shells. The finite element
formulation consists of an eight- noded isoparametric shell element with five degrees of
freedom at each node. Lagrange’s equation is employed to derive the governing equation
for free vibration analysis at moderate rotational speeds where Coriolis effect is not
considered. Mesh convergence study and validation of the present solutions with open
literature are performed to confirm the accuracy of developed finite element code. The
material properties of FGM are varied with a simple power-law distribution of the volume
fractions of their constituents through its thickness [1]. First two natural frequencies
(fundamental and second natural frequencies) are determined. Influences of core to face
sheet thickness ratio and position of FGM sheet on the free vibration behavior are also
presented. Parametric studies in terms of twist angle, thickness ratio of core to face-sheets,

Fig 1. (a) Shallow conical shell geometry (b) FGM sandwich turbomachinery blade with FGM facesheet

rotational speed and power law index on the natural frequency are evaluated and analyzed.
A shallow conical shell made of functionally graded sandwich material is considered in this
analysis. The shell is made of two FGM face-sheets and an isotropic core as shown
in Fig. 1(a)–(b). The parameter denoted by L0, b0, s, β0,α0, h, hf1,hf2,hc,γ0, γv represents the
blade length, blade base width, cone length, major and minor radii at the fixed end of the
conical shell; total thickness, top face-sheets thickness, top face-sheets thickness, core
thickness, vertex angle and base subtended angle, respectively. The total strain energy (U)
for an element of a rotating shell can be expressed as U = U1 + U2

Indian Institute of Technology Kharagpur

1|P a g e

Interdisciplinary Mechanics (IM)

= { } [

]{ } + { } [

] { }

(1)

([ ] + [ ] ){ } = { ( )}
(2)
The natural frequencies are determined from the standard eigen value problem which is
solved using the QR iteration algorithm
|∑ |{ } = { }, ℎ
|∑ | = ([ ] + [ ] ) [ ] and =
(3)

Temperature dependent material properties of the FGM (Ti-6Al-4V and Al2O3) constituent
have been calculated at 300 K [1]. The effective material properties (Pf) are obtained using
the simple power law distribution [2] and are expressed in the following [3]

2.

( )=

+(

−

(4)

)

DISCUSSION AND SAMPLE RESULTS

Parametric studies in terms of twist angle, thickness ratio of core to face-sheets, rotational
speed and power law index on the natural frequency are evaluated and analyzed. In this
extended abstract first natural frequency of FGM sandwich conical shell with core as SS
and facesheet as FGM (hc/hf=2) are presented in Table 1. Typical mode shapes of the same
configutration are also determined.
Table 1. NDFF [ω=ωn Lo2√(ρ/Eh2)] of rotating functionally graded sandwich conical shells for various twist
angles considering Lo/s=0.7, r1=0.2 m, Lo=0.8 m, h=0.01 m,  o = 45º, ve =20º . hc/hf=2, core =SS

Twist
Angl
e (Ψ)
0
0
300

Simple
Power
Law
Index( N)
1

Ω=0

Ω=0.25

Ω=0.5

Ω=
0.75

Ω=
1.0

1.57

1.71

2.25

2.65

3.23

1.39

1.52

2.00

2.36

2.87

5

1.27

1.36

1.62

1.97

2.37

1.13

1.21

1.44

1.76

2.11

1

2.04

2.24

2.78

3.45

4.17

1.81

1.99

2.48

3.07

3.72

5

1.64

1.76

2.10

2.55

3.04

1.46

1.56

1.87

2.27

2.71

NDFF (hc/hf=1)

NDFF (hc/hf=2)

Ω=
0.25

Ω=0

Ω=
0.5

Ω=
0.75

Ω=
1.0

3. CONCLUSIONS

Fundamental frequency of both twisted and untwisted sandwich shell decreases
monotonically with an increase in core to face-sheets thickness ratio (hc/hf) irrespective of
rotational speed. The natural frequencies are observed to increase with increase in rotational
speed irrespective of core to face-sheet thickness ratio. Interestingly the natural frequencies
are observed to decrease with increase material property graded index (N). Twist angle has
pronounced effect on fundamental natural frequency. Natural frequencies are observed to
increase with higher twist angle.
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1. ABSTRACT

This paper targets to portray the past studies and future aspect of functionally graded carbon
nanotube reinforced composites (FGM-CNTRC). Functionally graded materials (FGMs)
categorized as a novel inhomogeneous mixture of materials like ceramic and metals with a
smooth transition of its constituents volume fraction along the thickness direction. The most
popular use of CNT reinforced FGMs is in structural reinforcement, hulls structure of the
modern ships and the gas turbine blades. CNT material importance has grown because of their
physical and material characteristics. When CNTs are reinforced with FGM, it gives an
immense value as far as its physical properties and material characteristics are concerned. This
paper will attempt to highlight the recent research topic on vibration characteristics of
Functionally Graded Reinforced composites (FG-CNTRC) and present here in the form of
review. The present discussions will cover: (i) a short introduction of (FGM-CNTRC)
material; (ii) a review of static and dynamic vibration analysis of FGM-CNTRC; and (iii) a
conclusion and its future prospect.
2. INTRODUCTION & OBJECTIVE
In the recent time, functionally graded materials (FGMs) are considered as the most superior
form of composite materials that have ever developed in modern time. These new advanced
engineered materials along with its rich gradients of composition and mechanical properties
are superior to any other conventional super alloy materials made up of similar constituents. In
recent years CNTs have also comes as a promising candidate because of their amazing
thermal, electrical, chemical characteristics, stability, virtuous elastic modulus (1 ~TPa), high
aspect ratio (50-500), strength (~100 GPa), high stiffness and low density (~1.2 g/cm3 to ~1.8
g/cm3). The best pioneered work on the review of recent advancement of FGM-CNTRC
material was done by Liew et al [1-2]. The usage of FGM-CNTRC in the field of aerospace,
marine and defence sector have been growing steadily [3-4]. This review paper focuses on the
recent research, challenges and future research direction on FGM-CNTRC.

Figure 1: Four different configuration of CNT along its thickness gradient (a) FG- UD (b) FG-X (c) FG- O (d) FG- V.
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3.CRITICAL DISCUSSION AND REVEIW
In this present review work a detailed studies are condiseded including the application and
available manufacturing techniqus with their limitations. In the next section studies of
modelling and thermo-mechanical properties of FGM-CNTRC and different simulation
techniques are critically discussed. Finally the static and dynamic analysis of FGM-CNTRC
structures are discussed and their applicvations and limitatiuons are highlighed. In total 161
reference paper are included in the present review work. A critical assessment, concluding
remarks and future prospect are portrayed.
4.CONCLUDING REMARKS
The purpose of this present paper is to provide an exhaustive review of the literature of FGMCNTRC. FGM-CNTRC material provides a better material characteristics when they are cross
reinforced with fibre and polymer to form three phase CNT polymer nano-composites.There
are several approaches that one can estimate the material properties, the volume fraction of
CNTs, weight density and the young’s modulus,etc of such mateiral. Different approaches
may give some variation in the values of material properties. This material property affects the
natural frequencies of the structural component. So other approaches need to be investigated
separately in order to understand the mechanical vibration behaviour of this new breed of
material properly. Uniform distribution of CNTs along the thickness gradient studies have
been reported widely but non uniform distribution of CNTs also being used nowadays,
therefore this field should poses a rich prospect of research in near future. The applications of
the FGM-CNTRC lies mainly in turbo machinery blades and aerospace application. From the
large open literature, author has found very few work had been done on the impact analysis of
this material. Mainly on the low velocity impact analysis under hygrothermal environment
need to be explored further in order to ensure safe operation under dynamic loading
conditions. From the static analysis point of view on various geometry, a large amount of
work on bending, buckling and free vibration of plates, beams, nanoplates, curved panels and
conical shells have been reported. But very few works on stiffened shell structures of FGMCNTRC had been done. This stiffened shell vibration characteristics behaves differently with
that of conventional unstiffened shell structures. So this should get some attention in the eye
of researchers. Since the application of FGM-CNTRC lies in areas where light weight and
complex stress condition arises therefore the static and dynamic failure analysis should be
investigated on near future.
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1. INTRODUCTION & OBJECTIVE
The Steel Industry is always under a constant compulsion to improve the quality of its
manufactured steel along with its productivity keeping the performance indicators in check to
maintain the demand-supply chain in the market. A major role in this production process is
played by Mechanical Working of metals (hot or cold working). It’s basically a process of plastic
deformation of metal, in order to change its properties, dimensions etc. by applying mechanical
pressure. The major mechanical workings of metals include operations like Hot Rolling, Piercing
or seamless tubing, Drawing, Extrusion etc. Optimization technique using mathematical models
is one of the most recognized techniques to carry on such work where the primary aim is to
improve the output variable keeping the cost constant. However such models are time consuming
which is not desirable in real time operation or logistics. Thus we propose a predictive model
using a non linear architecture namely Artificial Neural Network (ANN) to optimize and predict
best possible result for steady state variables viz. force, Rolling force, Roll separating force, and
average metal flow stress.
In this paper, we have 2 distinct sections viz. Estimation using Empirical Model and other
is using ANN with Genetic Algorithm. At first we estimate the values of the steady state
variables mentioned above using the empirical model. The solution zone is being classified into
2 halves by the kiss point position. Navier-Stokes equation is being introduced to analyze and
estimate the rheological property of liquid and mushy zone to deduce the analytical equation of
unit compression stress distribution, whereas traditional hot rolling model is still being used in
the solid part. The analysis of this portion can also be made without embellishing things any
further by applying Schey’s model or Sim’s model to find out the required steady state variables.
This concludes our first section of the paper, where we have estimated the target variables using
empirical model. In the next section, we analyze and predict our target variable using Artificial
Neural Network model based on the experimental data results. ANN architecture is designed
where there are many explanatory variables, but all the features may not be equally important to
predict our target variable thus only relevant features are taken into account for better prediction
accuracy of our model. In this paper, we propose a hybrid algorithm of ANN with Genetic
Algorithm, where we have introduced Genetic Algorithm for feature selection method which will
subsequently increase our model’s accuracy by neglecting the irrelevant variables. Lastly, we
present a comparative study in between our empirical model and hybrid model based on the
accuracy metrics and sensitivity of the output data. The novelty of work lies in the proposal of a
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hybrid algorithm, where we haven’t considered all the features to predict the output but we chose
that set of features which will yield maximum output from the given dataset.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Initially, the separating force (𝑃𝑟 ) is being estimated using Schey’s model based on standard
dataset. The value is being computed empirically based on Schey’s model. The results are shown
in Table-1 and the graphical representation in Figure-1.

Table 1: Roll Separating Force Estimation using Schey’s Model

Figure 1: Roll Separation Force Vs. Average Flow Stress Curve

For, the next section i.e. ANN using Genetic Algorithm we observe there is an increase of
prediction accuracy for reduced dataset which is being featured engineered using genetic
algorithm, accuracy shown in Table-2. The ANN based model is giving better predicted value in
comparison with the empirical model, thus outperforming the traditional models.

Table 2: Accuracy Metrics for ANN Result in Whole & Reduced Datasets
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1. INTRODUCTION & OBJECTIVE

The molecular simulations play a vital role in various domains such as nanoscale material
characterization, drug design, nanosensing applications etc. One of the significant limitation
of molecular dynamics (MD) simulation based studies is its computationally intensive and
economically expensive nature. The large system with huge number of atoms need
supercomputing facilities. In the present study, the dependence
dependence of fracture strength of
graphene on the temperature and
a the strain rate is studied. The objective of the present study is
mulation to predict the
club the machine learning approach with molecular dynamics simulation
fracture strength of graphene corresponding
corresponding to the varying temperature and strain rate. To this
end, on the basis of fewer molecular
mo
simulations a support vector machines based machine
learning model is constructed. The accuracy of machine learning model
mode is assessed with the
help of correlation coefficient and scatter plots. The results of the analysis is represented as
probability density function plots and sensitivity analysis plots.
2. METHODOLOGY

Figure 1. The flowchart of MLBMD
Indian Institute of Technology Kharagpur

1|P a g e

Interdisciplinary Mechanics (IM)

3. RESULTS & DISCUSSIONS
At first, the fracture strength of monolayered graphene determined by MD simulation is
validated with the values reported in the earlier publish literatures. The uniaxial deformation
of monolayered graphene is carried out at the room temperature (300K) and with the applied
strain rate of 0.001 /ps. The graphene is found to be failing at 106.1 GPa which is in the
vicinity of experimental observation of 130±10 GPa [1].
Once the result is validated, in the next step the dataset of 32 samples is generated with
the utilization of design of experiments (DOE) and D-optimal approach. The produced dataset
is further employed to construct the support vector machine (SVM) based machine learning
model (Refer to Figure 2).

Figure 2. Machine learning based molecular simulations of graphene. (A) The scatter plot of SVM based
model formation. (B) The pdf plots of the response predicted by the MLBMD corresponding to the individual
variation and compound variation in the input parameters. (C) The sensitivity analysis depicting the relative
significance of the input parameters and their interaction on the fracture strength of graphene.
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1. INTRODUCTION AND OBJECTIVE

Metamodeling techniques are widely used to approximate implicit limit state function (LSF) for
efficient reliability analysis of complex structures. Support vector regression (SVR) based
metamodel has been found to be superior in this regard. However, performance of SVR model
largely depends on proper choices of training samples and hyper parameters of such model
(Smola and Schölkopf 2004). A three-stage adaptive SVR based metamodel following
sequential sampling of training data is explored here for reliability estimation. An initial design
of experiments (DOE) is first formed by space-filling design over the entire domain. The
optimum choices of the hyper parameters are obtained by minimizing generalized root mean
square error (GRMSE) obtained by the leave-one-out cross-validation approach (Roy et al.
2019) and corresponding minimum GRMSE is noted. Intuitively, it can be considered that the
points having absolute value of approximated LSF less than the noted GRMSE value are most
likely to get misclassified. Thus, in the next stage, based on the prediction by the initial SVR
model at Monte Carlo simulation (MCS) points, a subset of MCS points (Ω) are selected that
yield the magnitude of the approximated LSF less than the noted GRMSE value. Now, the data
points are selected sequentially from the subset Ω based on maximin criterion (Johnson et al.
1990) to effectively fill the reduced space. Noting that the better accuracy of failure estimation
demands better approximation near the failure boundary, the SVR hyper parameters are
obtained in this stage by minimizing the GRMSE obtained by the holdout cross-validation
approach (Kohavi 1995) where all the points of the initial DOE are considered as training data
and all the sequentially added samples are kept as validation data. In the holdout crossvalidation approach, two-third of the data are usually taken as the training set and the remaining
one-third as the test set. Thus, if the initial DOE contains p numbers of points then p/2 numbers
are added through sequential sampling. For unbiased approximation by the SVR model, equal
numbers of adaptive points are included in the DOE from each of the safe and unsafe domain.
Finally, an iterative updating of SVR model is performed to further improve failure estimation
by adding four new points (sequentially selected two from each of the apparent safe and unsafe
domain) into the DOE iteratively from the updated set Ω until convergence. In addition, the
proposal makes a provision to address the issue of scarcity of samples in the set Ω when the
estimated Pf is less than a prefixed limit. In that case, simulation samples are generated as per a
quasi-optimal density function and importance sampling (Shinozuka 1983) is employed for
reliability analysis. The convergence criterion proposed in the present study is based on the
variation of estimated Pf values over the previous two iterations instead of only the previous
1
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value. Once, the values of Pf for three consecutive iterations become bounded within ±5% of
the most updated value, the newest value is considered as the converged value. The
effectiveness of the proposed approach is elucidated numerically considering the direct MCS
based results as the benchmark.
2. RESULTS AND HIGHLIGHTS OF IMPOINTANT POINTS

5

dallow = 0.15 m
Reference Result
Proposed 3-stage SVR

4

Probability of failure (x10-8)

Probability of failure (x10-6)

Reliability analysis by the proposed three-stage adaptive SVR approach by sequential updating
of training data set is illustrated by considering two examples – a ten-bar truss problem and a
twenty-nine dimensional problem. One sample result from each of two example problems are
shown in Fig. 1 and Fig. 2. The reliability analysis is performed with respective to a specific
value for allowable limits (dallow and Yallow).
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Fig. 1. Comparison of estimated Pf values for ten-bar
truss

Fig. 2. Comparison of estimated Pf values for twentynine dimensional problem.

The numerical results of the two examples indicate the effectiveness of the proposed algorithm
in reliability estimation including estimating very small probability of failure. The results
indicate that the availability of sufficient number of simulation points near the approximated
failure plane to include into the DOE is assured by importance sampling technique in the
algorithm. The advantage of the proposed convergence criterion based on results of three
consecutive iterations is clearly noted in the numerical results as it avoids false convergence
several times.
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1. INTRODUCTION & OBJECTIVE

Steel I-girders with corrugated webs are gaining attention as they perform better than planeweb girders for enhanced shear and torsional stability, lightweight and economical with
reduced need of stiffeners. During construction stage, particularly at girder launching, steel Igirders are subjected to patch loads at piers, and as a result are vulnerable to buckling.
Prediction of actual patch load capacity together with examining behavior of corrugated-web
I-girders for various influencing geometric and structural parameters require a refined analysis
or load testing. This study examined the suitability of artificial neural networks (ANNs) for
estimation of refined patch load capacity of steel I-girders with corrugated webs. The main
objective of the present study was to demonstrate that a small set of refined analyses, coupled
with ANNs, can be used as a predictive tool to anticipate the likely outcome for similar
methods and girders in a population. Prediction accuracy for patch load capacity was
examined on a subset, consisting of hypothetical and experimentally tested corrugated-web Igirders. ANN-based prediction model was trained to map governing inputs i.e. structural and
geometric parameters to patch load capacity obtained from 3D finite element (FE) analyses.
Feedforward ANN-networks are considered in this study using 1 vs 2 hidden layers and
trained by the error minimization algorithms, i.e. Levenberg-Marquardt (LM, Marquardt
1963) vs. Bayesian-regularization (BR, MacKay 1992). 160 FE analyses were performed in
ANSYS 19.0 (ANSYS 2019) for randomly constructing design set of variable size for training
and an additional testing set for checking generalization ability of ANN-based prediction
model. Prediction results were also shown on experimentally tested girders taken from
literature and having geometric parameters falling in input-ranges of trained ANNs.
The computational modeling was first validated using experimental results reported by
Elgaaly and Seshdari (1997) on five different loading case scenarios. Shell elements with
multilinear-isotropic plasticity material model was used for idealizing I-girder elements
1
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including trapezoidal corrugation web profile. Both material and geometric nonlinearities
were included in FE analyses. Imperfection in computational modeling was incorporated as
scaled first buckling mode similar to Kovesdi (2011).
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
In this study, numerical models of corrugated-web steel I-girders were developed using FE
modeling approach and validated against experimental results documented in literature for
five loading scenarios. All numerical models performed satisfactorily; wherein load-deflection
behavior matched experimental curve with a maximum error of about 8% in load values
anywhere on the curve. An extensive parametric study was carried using a population of 160
FE-based models which were randomly generated using geometric and structural
characteristics that have an influence on ultimate patch load capacity of corrugated steel Igirder. The governing parameters were used for parametrically constructing FE models:
lengths of parallel and inclined folds, web height and thickness, corrugation angle, girder
length, patch-load length, flange width and thickness, load position over inclined or parallel
folds and yield stress of material. For each girder, patch load was placed over parallel and
inclined web corrugation folds over midspan during analysis, and the minimum of the two
scenarios at ultimate state was taken as patch load capacity. Majority of the analyzed girders
reached ultimate state either by web crippling and web yielding when loads were placed over
inclined corrugation fold.
An ANN-based prediction model using single-based-network with optimized architecture
based on 1 vs 2 hidden layers, varying nodes in each hidden layer from 2 to 10 and best suited
training algorithm (i.e. LM vs BR) was selected. The proposed ANN-based model was trained
on a varied size of design data randomly chosen from analyzed cases of 160 FE models. The
inputs to ANN-model were governing geometric and structural parameters of the only output
i.e. ultimate patch load capacity. Prediction accuracy for girders outside the training subset
demonstrated that patch load capacity can be reliably estimated (about 5-6% mean absolute
error) using a properly trained ANN network model with an optimized model complexity and
trained using either of the considered error minimization algorithms (LM or BR).
Further, this study proposes to extend the current research efforts by using an alternate ANNbased committee of networks (CN) prediction approach, and examine accuracy and benefits
over presently used single-best-network model. A committee networks approach uses a
combination of multiple base networks and is anticipated to provide prediction accuracy
superior to the best of the base-networks that went into the combination (Sofi 2017).
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1. INTRODUCTION & OBJECTIVE

With the advent of construction technology and scarcity of land, the construction of high-rise
buildings is increasing day by day in the important cities. This becomes a challenging role for
designers to design tall buildings under the wind environment. Different international codes like
IS: 875 (Part-3):2015, AS-NZS: 1180:2011, ASCE-7-10, etc. are available for the design of
regular and conventional tall buildings. Nowadays, building shapes are smell out from these
conventional shapes rather become more irregular and unconventional in plan and elevation.
Wind tunnel testing was a very suitable method for such kind of buildings. With the
development of modern computational techniques, CFD becomes a reliable method to deal with
any kind of building model. Many researchers around the globe have investigated CFD on
different kinds of building models.
This paper investigates the comprehensive study of mean pressure coefficient and peak pressure
coefficient over different surfaces for two cross plan shaped tall buildings under wind load for
various wind flow direction ranging from 0o to 180o at an interval of 30o. Here, one regular cross
plan shaped tall building is considered as a basic model and angular cross plan shaped tall
buildings are formed by shifting the limb position by 15o. The overall plan area of these two
buildings remains the same. The rigid scale for the model is 1:300.To keep the plan area remains
the same, the length of the angular cross plan shaped model is required to be increased
marginally. The detailed dimensions of two building models and direction of wind flows are
shown in Fig.1.

Fig. 1 Typical layout of the regular and angular cross plan shaped tall building model with dimension and
direction of wind flow.

2. NUMERICAL ANALYSIS
The CFD technique is capable of extracting the data for any complex shaped model and at any
point on the domain. The ANSYS CFX package is used for numerical simulation. Numerical
1
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analysis is performed to develop the atmospheric boundary wind flow around the building
surroundings and to access the wind-induced responses of the building. Here, the k- turbulence
model is used for simulation. As per the guideline provided by Revuz et al. (2012), 5H, 15H,
5H and 5H clearances were provided in upstream, downstream, side clearances and top
clearance from edges of the building respectively to fully incorporate the generation of vortices
in the wake region. H is the overall height of the building. The power-law, with a coefficient of
exponent (α) as 0.133, is used to generate boundary layer flow.
3. RESULTS & DISCUSSIONS
̂𝑝 ) at different surfaces are
Mean pressure coefficients (Cp) and peak pressure coefficient (𝐶
presented graphically for both angular and regular cross plan shaped tall buildings for various
wind incidence angles. It has been observed that the peak pressure coefficients are larger than
mean pressure coefficients, and these differences are critically noticed at the edges, top, and
̂𝑝 is noticed at face A due to windward
bottom of the building surfaces. The maximum positive 𝐶
̂𝑝 is noticed at Face D due to the high separation of flow. Further,
position and critical negative 𝐶
PSDs are evaluated at each face of building at a height of 470 mm from the base. The gauge
time is considered as 3 sec. The modified PSD (nSp(n)/p2) of pressure and reduced frequency
(nH/UH) are plotted for various wind incidence angles.
4. CONCLUSIONS
̂𝑝 are larger than Cp, and the difference is mainly attributed
The general observation reveals that 𝐶
̂𝑝 is obtained by measured
due to the existence of body–generated turbulence. The 𝐶
instantaneous pressure normalized over 3 sec gust speed. The frontal face of frontal limb for
regular cross plan shaped building model is subjected to maximum mean average positive
pressure, which is similar for the frontal faces regular rectangular or square plan shaped building
̂𝑝 for the windward face (face A) is close to the Cp while a larger difference
at 0o wind flow. 𝐶
̂𝑝 and Cp is noticed for the wake region. The single peak of PSDs for regular cross
between 𝐶
plan shaped building is mainly influenced by the vortex shedding. The shape second peak is
noticed at all the faces of angular cross plan shaped building, indicating both vortex shedding
and the reattachment of the separated flow on the side walls.
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1. INTRODUCTION & OBJECTIVE

Research on concrete takes a lot of time, resources, man-power and money, to perform a
brown study on a new material. The detailed investigation of a new material involves huge
number of trials to be conducted, before arriving at the optimum. Optimization is the best
solution to end this hectic process. The main advantage of using optimization is that the
number of experiments necessary to determine the properties of the material can be reduced.
The results can be predicted based on the available data set. This can be done by mathematical
modelling of the problem using the available data from the trials conducted. And this
mathematical model can be used to forecast the results for the experiments which are not
conducted. This model can also be used to arrive at an optimal solution.
In this concrete era, research has been carried out to find out alternatives to conventional
concrete. In this hunt for new materials, geopolymer concrete has emerged as one of the best
alternatives for conventional concrete. Geopolymer concrete is a sustainable material as its
production is pollution free unlike conventional concrete.Geopolymer concrete can be
developed using materials such as fly ash, Ground Granulated Blast Furnace Slag (GGBS),
red mud, rice-husk ash, etc, which are silica rich materials and industrial by-products. This
can prevent depletion of lime stone as well as emission of carbon dioxide.
In this research work a detailed investigation has been performed on geopolymer concrete
prepared using fly ash and Alccofine 1203 as the precursors, sodium hydroxide and sodium
silicate as the hardeners. The ratio of Alccofine to fly ash is varied from 0 to 25%, with
increment of 5 percent in every trial (0, 5, 10, 15, 20 and 25). The ratios of sodium silicate to
sodium hydroxide considered are 1.5, 2.0 and 2.5. The concentration of NaoH considered is 8,
10 and 12M. The objective of the study is to find the optimum solution which provides
maximum compressive strength for the M30 grade geopolymer concrete. From this, it is
obvious that the total number of experiments to be conducted is equal to 54 (6 x 3 x 3). But by
using the optimization methods and tools the objective can be achieved by just conducting
one-third of the required trials i.e., by conducting 18 out of the 54 experiments.
RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Taguchi method of optimization has been chosen to solve this problem. Taguchi design
adopted is shown in Table1. The compressive strength was found to be highest when the
____________________________
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proportion of Alccofine is 25%, molarity of NaOH is 12 M and the ratio of sodium silicate to
sodium hydroxide is 1.5. An equation has been developed for compressive strength based on
regression analysis. This equation gives the relation among the three factors (proportion of
Alccofine, molarity of NaOH and ratio of sodium silicate to sodium hydroxide) and the
compressive strength.
Table 1.Trials conducted as per Taguchi standard L18 array
Trial
No.

Alccofine proportion
(%) (A)

Molarity (M)

Ratio of Na2SiO3 to
NaOH (R)

Compressive strength
(MPa)

1

0

8

1.5

8.74

2

0

10

2.0

12.22

3

0

12

2.5

10.67

4

5

8

1.5

28.00

5

5

10

2.0

19.34

6

5

12

2.5

24.74

7

10

8

2.0

31.23

8

10

10

2.5

32.67

9

10

12

1.5

42.96

10

15

8

2.5

37.04

11

15

10

1.5

40.89

12

15

12

2.0

50.67

13

20

8

2.0

58.00

14

20

10

2.5

46.07

15

20

12

1.5

60.00

16

25

8

2.5

65.33

17

25

10

1.5

75.56

18

25

12

2.0

58.67
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1. INTRODUCTION & OBJECTIVE

Friction stir welding (FSW) is a widely used solid state joining process for soft material such
as aluminium alloys because it avoids many of the common problems of fusion welding.
Commercial feasibility of the FSW process for harder alloys such as steels and titanium alloys
awaits the development of cost effective and durable tools which lead to structurally sound
welds consistently. Material selection and design profoundly affect the performance of tools,
weld quality and cost. Also the FSW gives very good quality of weld for many soft materials
like aluminium and hard materials like various steels, titanium etc. The process involves the
heating the material of workpiece by rotation and friction of the tool in between the
workpiece.The melted material mixes with each other and joint get formed. Friction stir
welding (FSW) was invented at The WeldingInstitute (TWI) of UK in 1991 as a solid state
joining technique, and it was initially applied to aluminium alloys.The process uses a
spinning, non-consumable tool, similar to taper reamer, to generate frictional heat in the
workpiece. By pressing this tool in to contact with a workpiece to be welded, the base metal
heats up and once it reaches about 80% of its melting point it becomes soft and deforms
easily. By keeping the tool rotating and moving it along the line of joint of workpiece to be
joined,the softened material is literally stirred together forming a weld without melting. These
welds require low energy input and are without the use of filler materials and distortion.
Initially developed for non-ferrous materials such as aluminium, by using suitable tool
materials the use of the process has been extended to harder and higher melting point
materials such as steels, titanium alloys and copper. Since its invention at TWI in 1991,
Friction Stir Welding (FSW) has become a major joining process in the aerospace, railways
and ship building industries especially in the fabrication of aluminium alloys. The process
uses the non-consumable tool to generate the frictional heat in the workpiece. This solid state
joining process involves a rotating tool consisting of a shoulder and/or a probe. The shoulder
applies a downward pressure to the workpiece surface, constrains the plasticized material
around the probe, generates heat through the friction and causes plastic deformation in a
relatively thin layer under the bottom surface of the shoulder. The rotating probe mainly drags
along, plasticizes and mixes the adjacent material in the stir zone, creating a joint without
friction. The figure 1.1 shows that the schematic representation of the actual process of the
friction stir welding of the two plates. In this process the tool plays a vital role in the process,
that it contains some important primary functions as: (a) To heat the workpiece by friction.
FSW is considered as the significant process development in metal joining in a decade and
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also considered as green technology due to its energy efficiency, environment friendliness,
versatility. As compared to the conventional welding methods, FSW consumes very less
energy. No any gas or flux is used, thereby making a process environment friendly. The
process of joining does not involve any filler material and therefore any aluminium alloy can
be joined without concern of the compatibility of the composition, which is a bigger issue
fusion welding. In contrast to traditional friction welding, which is usually performed on small
axis-symmetric parts that can be rotated and pushed against each other to form a joint, FSW
can be applied to various types of joints like butt joint, lap joint, T-butt joints, filler joints and
the movement of the material to produce the joint. The heating of base material is
accomplished by friction between the tool and workpiece and followed by plastic deformation
of the material. The material in contact with the pin or probe of the tool is heated and softens
automatically and movement of the material from front to the back side of the tool gets
happened continuously.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The experimentation of friction stir welding of AA3103 is conducted on milling machine to
vertical spindle attachment is used for the trials. Due to conduction of the trial on this machine
the cost of the process get minimize.The welding joint trials of this aluminium alloy is carried
out and the testing of those joints will be done for checking of the weld quality by the factors
like cracks,porosity, blow holes; also the effect of heat on the grain structure of the weld
material. These tests are shown the process capability of the milling machine towards the
FSW of the desired material. For these various issues we are trying this process FSW for the
aluminium alloy (AA3103) and achieve some objectives.
REFERENCES
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1. INTRODUCTION & OBJECTIVE
The toughened glass as a basic material having low strength and fragile against projectile impact as
compared to the metal, composite and ceramic material [1-2]. The major benefit of layered toughened
glass is to prevent glass shards from flying away and causing injuries, with the interlayer holding the
glass shards and stopping shattered glass flying into the occupants [2-4]. The transparent laminated glass
plate consists of two or more layers of float glass sheets combined by adhesive interlayer of tough PVB
under heat treatment. Due to the composite action of layers of glass plies and interlayer-glass adhesion
(PVB), it is very difficult to understand the behaviour of laminated toughened glasses. Due to poor
understanding of the interaction between intermediate layer and glass, use of laminated toughened glass
could be extended to larger in need of investigaitons. Based on the detailed literature, it has been
observed that the response of layered toughened glass against low velocity impact was found to be
limited. Therefroe, the present study is focused to estimate the impact response of laminated glass under
low velocity impact using ABAQUS finite element technique. In addition to that, the performance of
laminated glass plates subjected to varying velocity was thoroughly examined. The damage behavior of
laminated glass was incorporated through linear elastic material model and Brittle fracture model.
However, the behavior of PVB (Polyvinial Buterial) incorporated through linear elastic material
model. The numerical results were further validated with the experimental results available in the
literature. The prediction results include time histories of impactor-glasses acceleration and velocity
during impact under various parameters such as different shapes, masses and velocities.
2. CONSTITUTIVE BEHAVIOUR AND NUMERICAL MODELLING
The simulations were carried out using linear elastic and brittle fracture model of glass and three
dimensional non-linear finite element model available in ABAQUS/Explicit. The laminated glass was
used in the experiment by [5] comprising of two glass sheets of thickness 2 mm each with PVB sheets
of thickness 0.76 mm as interlayer. The length, breadth of glass panel and PVB was taken as 1.26 x 0.79
m in the present study. The mass of impactor was 4.25 kg and spherical in shape. The glass plates and
PVB interlayer were modelled as deformable and fixed boundary whereas the impactor was modelled
as analytic rigid as the elastic stiffness of steel is three times larger than the glass. The numerical model
geometry was used as symmetric and full section, incorporating 8-noded Brick elements with reduced
integration method. The mesh convergence was carried out in order to estimate the mesh density and
computational cost. The size of mesh was varied as 1, 2 and 3 mm corresponding to total number of
elements as 104640, 58388 and 19872, respectively. The linear elastic material model and Brittle fracture
model properties of laminated glass refer [5]. The fracture energy of glass was 4.0 N/m [6]. The direct
cracking failure stress of glass was 74 MPa from [7]. The direct cracking failure displacement was
1.081x10-7 m and the non-zero parameters p and emax from [8]. The linear elastic material model
properties of PVB, refer [5]. It was observed that, the target was found to be mesh sensitivitive, see Fig.
1 (a) however, the difference is found to be insignificant at the rise time. Therefore, the size of mesh of
1
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3 mm was considered for further investigations. Overall, the results obtained from the simulations
were found in good agreement with the experiments [5], see Fig. 1(b). The percentage of error
between the experiment [5] and simualtions is shown in Table 1 and it was found to be insignificant in
case of 6.39 and 6.94 m/s velocity.
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Fig. 1. (a) Mesh sensitivity and (b) comparison of experiment and simualtion at 6.39 m/s incidence velocity
Table 1. Comparison of experiment and simualtions
Velocity
(m/s)
6.39
6.94
8.33

Acceleration (m/s2)
Experiment
Simulation
% of error
435.8
431.3
1.05
536.5
483.7
9.84
791.7
610.8
22.85

Experiment
80.6
81.2
99.9

Displacement (mm)
Simulation
% of error
74.8
7.18
80.1
1.24
95.1
4.75

3. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The study is focused on estimating the impact resistance of 4.76 mm laminated toughened glass under
low velocity impact of sphere using ABAQUS. The response of target against varying incidence velocity
was presented and following conclusions were drawn;
 The results obtained from numerical methods were found in good agreement with the experiments.
The numerical methods provides reliable and extensive analysis which can be used in future large
scale modelling. The peak acceleration of target varies significantly with varying incidence velocity
however, displacement was found to be almost same.
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1. INTRODUCTION & OBJECTIVE

A global effort to establish a permanent human presence on the lunar and Martian surfaces is
underway. Accordingly, the ability of robotic agents to autonomously assemble structures in
uncertain environments is becoming increasingly imperative. Without these enabling
technologies, the deployment of large structures such as instruments, habitats, communication
infrastructures, solar array farms, etc. becomes prohibitively expensive and hazardous since
their construction would require astronaut assistance. Consequently, solutions to the many
facets of the In-Space Assembly (ISA) problem are of considerable value to space-faring
organizations across the world. Of the numerous unsolved ISA problems, the autonomous
detection of damage states and assembly errors is among the most consequential. Without this
process, the mechanics of an assembled structure may be insufficiently known during assembly
and over the lifetime of the structure. Furthermore, computational capability and
communications bandwidth to Earth are strongly limited in the space environment, requiring
the assembly agents to perform detection locally and with limited resources. Therefore, to
enable the incorporation of structures with predictable behaviors into current ISA initiatives, a
computationally efficient autonomous detection capability must first be developed.
Structural Health Monitoring (SHM) is well studied, but developed techniques were not
designed with the constraints of ISA missions in mind. They often require leave-in-place
sensors, involve the monitoring of specific damage modes, and/or require human actors [1], [2].
In recent decades, researchers turned to the classification power of Machine Learning (ML)
algorithms to overcome this lack of generality, but the training of such algorithms for SHM
purposes often requires the costly damaging of monitored structures (or replicas thereof) to
determine the resulting damage metrics. To circumvent this shortcoming, model-driven
methods have been employed in which characteristics of the structure are compared to those of
a Finite Element (FE) model to infer damage. The research described in [3] and [4] are a few of
the many efforts that have demonstrated the applicability of model-driven methods for SHM. It
is noteworthy though that high-fidelity FE simulations (e.g. with 3D brick elements, full
quadrature schemes, highly-refined meshes, etc.) can be computationally expensive.
To circumvent these shortcomings, a methodology has been developed in which robotic
agents collaboratively assemble trusses and perform SHM informed by synthetic FE data. In
this methodology, lightweight FE models of the assembly are developed based on estimations
1
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of node locations during mock builds. Damage states and load cases are then introduced and the
resulting mechanical behaviors of interest (e.g. nodal displacements, vibratory responses, etc.)
are recorded. The use of lightweight FE elements allows for the generation of thousands of truss
models per damage class which enables the training of damage classification algorithms. With
these algorithms trained, robots in the workspace would be able to cooperatively apply loads to
the structure, record the resulting behaviors and determine which, if any, of the damage cases
are present. If validated, this methodology would allow for the assessment of structures without
the need for costly simulations, the replication of structures, or a costly embedded sensor
network. If multiple mechanical responses are incorporated into the classification models, these
methods could also mitigate misclassifications resulting from sensor noise.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Portions of this methodology are being evaluated in a piecewise fashion. Python classes,
functions, and scripts that simulate the assembly of square-bay trusses and rectangular bay
trusses with varied assembly noises injected at each step were developed. A direct stiffness FE
formulation using 3D Space Truss elements was additionally developed so that the behaviors
of these trusses as a function of load and damage class could be determined. The first step in
this evaluation was determining whether or not classification algorithms could reliably classify
numerous locations of physical damage (approximated by a decrease in stiffness) to the struts
of a three-square-bay truss using only the sustained deflections of tracked nodes that result when
a robotic agent applies a load to the truss as input data. Between seven and fifteen damage
classes/locations and up to ten loading conditions were initially explored. The training and
testing of standalone, state-of-the-art classification models and ensembles using the data
generated from these experiments yielded the incomplete results described by Table 1. These
classification and ensemble algorithms are currently being refined and similar experiments are
being performed on other structures and with new algorithms. Furthermore, hardware has been
developed for the purpose of testing these algorithms. Upon reconciling these simulation
algorithms with hardware, this methodology will be evaluated using other mechanical responses
and damage classes (e.g. improper welds, unfastened mechanical joints, etc.).
Table 1. Partial list of preliminary results for the classification of damage in simulated truss assemblies
Method

Test Accuracy

Loading Conditions

Damage Classes

Auto-Sklearn with Optimized F1 Ensemble

93.04%

1

7

Auto-Sklearn with Bayes Ensemble

98.64%

7

7

FC Residual Net

99.4%

5

7

FC Residual Net

86.2%

9

15
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1. INTRODUCTION & OBJECTIVE

As most industries are gradually moving towards automation, the additive manufacturing of concrete
structures using three-dimension (3D) printing forms a visionary step towards achieving this goal for
the construction industry. Printing of concrete using 3D concrete printer (3DCP) is an evolving
technology that has the potential to revolutionize the construction industry by reducing the requirement
of workforce, time, cost, waste, and formwork of construction projects. This emerging field can help
the construction industry by rendering a paradigm shift from the conventional “beam and post”
approach. Although 3DCP is at its infancy, several research works have been completed and also, few
structures around the world have already been constructed using the latest available technology in
3DCP. One such example is a two-storey office building in Dubai. This paper discusses the history of
evolution of 3DCP technology, the materials used in the process and their rheological and the
mechanical properties. This paper also highlights the details of the various structures constructed
worldwide using this technology. Lastly, this paper discusses the scope of the future research work
that can be taken up for enhancing the capabilities of the current technology and exploring newer
sustainable building materials.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The review of the development of 3DCP in the recent past and the various work completed using this
technology shows the potential of 3DCP in revolutionizing the traditional construction process as well
as in developing alternatives and more efficient building materials. Material characteristics and
material behavior of concrete that can be used in 3DCP has been discussed in this paper. The authors
believe that this paper will attract new interest from the academia and the industry partners about the
3DCP technology and undertake more research to make this technology for general constructions.
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1. INTRODUCTION & OBJECTIVE

The vibration based damage detection methods have gained a large attention in the research
community. Unlike the localized approach of the conventional method, the vibration based
approach assesses the overall performance of structure through meaningful translation of
vibration response into some useful indices gathered from vibration response of structure. This
can be classified in two categories; (i) parametric (model based) and (ii) non-parametric
(signal based). Commonly measured modal parameters such as natural frequency, mode shape
etc. are functions of the physical properties such as mass, damping, and stiffness of the
structure. Changes in these parameters with respect to the undamaged case recognize the
damage. Though a confounding factor, the loss of information due to data compression while
extracting modal features from response time series is a major limitation. Moreover, damage
is typically a local phenomenon which can be captured by higher frequency modes which is
more energy demanding. Lower frequency modes tend to capture the global response of a
structure, make parametric method difficult to implement in practice (Doebling et al. 1998).
Small damages that create low frequency change require very precise measurement whereas
significant amount of damage could also create very less change in frequency in case of large
structures. Change in temperature, humidity results in change in frequency which could lead
to an unrealistic predictions. To supplement the drawbacks of parametric method,
nonparametric machine learning based methods have been explored by the scientific
community where signal processing and statistical analysis techniques have been utilized for
feature extraction from the response time series in time domain without loss of any valuable
detail. The convolutional neural network (CNN) based non-parametric approach is explored in
literatures (abdeljaber et al. 2017). But the approach is found to be useful in the field of spatial
data handling. On the other hand, the long short term memory (LSTM) based recurrent neural
network (RNN), a new breakthrough in deep learning algorithm, is quite efficient in sequential
data handling. The LSTM network has been used successfully in detecting multiple fatigue
damages of aircrafts (Mas et al., 2017) and analysis of rolling bearing faults of rotating
machinery using vibration data (Qiu et al., 2019). A novel approach of acceleration response
time history based damage detection method using LSTM-RNN is presented in this study.
LSTM cells, the constitutive element of the network, have a recurrent operation with some
additional gates which keep the relevant operation memorized through the temporal space of a
long sequence by three elementary operation such as (i) selective writing in the memory (ii)
l
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selective reading from the memory and (iii) selectively forgetting the irrelevant part from the
memory. Four layers of LSTM, first two consists of 100 cells and last two consists of 50 and
10 cells respectively, forms the main architecture of the network which will be elaborated in
the full length paper in detail. A finite element model of a cantilever beam, divided into 5
finite segments shown in Figure 1. The ABAQUS software is used to elucidate the proposed
approach. A design of experiment (DOE) table is created with the help of Latin hypercube
sampling method for 75 samples, each comprises 5 stiffness values for the 5 finite segments of
the beam. The damage is simulated by random degradation of the stiffness value for each
segment with respect to the undamaged structure. The free end of the structure is excited with
a pulse load and the response acceleration time history is recorded at the end of each of the 5
segment. This is further used as the direct input to the LSTM network. The set of different
degraded stiffness value of the five finite segments of the cantilever is set as the target for
training of the LSTM network.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

Figure 1. Finite element discretesiation of the
cantilever beam and the location of the
recorded accelerogram.

Figure 2. Probability distribution of the
normalised error.

The data set is divided into training (65) and testing (10) set. The set of the response time
series from the test set is fed into the trained model and the degraded values of stiffness are
predicted. The normalised error for the five stiffness values at five segment are shown in
Figure 2 which has zero mean centric. Most of the errors are within 5% with a sharp peak at
0 indicating a good accuracy. More detailed result will be presented in the full length paper as
well as in the presentation. Worth mentioning, this method uses deirect time series data and
accurately predict the change in degraded stiffness values, which serves the accurate
prediction of location and intensity of damage in the structure at a time.
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ABSTRACT
The gabion spillway is an eco- friendly spillway, which is consists of a porous medium filled with different
shape and size of coarser materials. Generally, Impermeable spillway constructs from concrete, rubber, metal
used in various engineering applications, but nowadays alternative spillway made of porous media such as
gabion spillway are preferred because it fulfil the natural and ecological requirements. Economically, the gabion
spillway is less expensive while other types of spillways are more expansive in areas in which gravel is found
easily. Gabion spillways are represented as a viable option for low to medium design head works .The material
provide stability, low cost, porosity, noise reduction and flexibility. The steps also increase energy dissipation,
and decrease the requirement of stilling basin. The aim of this study is to investigate the prediction of aeration
efficiency of gabion spillway by using AI- based modelling techniques and compare two gabion configurations
and an impervious configuration. The output values of aeration efficiency through gabion spillway were
computed using ANN, GP, and RF by taking mean size, porosity, discharge, drop height as input parameters.For
comparing the results of aeration performance of these techniques with other empirical equation, standard
statistical performance parameters such as the coefficient of correlation (C.C), and root mean square error
(RMSE) have been used. GP technique gives the best result among all the modelling techniques and empirical
equation used with C.C. 0.9856, RMSE 0.0183.
Keywords: Gabion spillway; Aeration efficiency;Artificialneural network; Gaussian process; Random
forest;Mean size

1. METHODOLOGY
1.1 Methodology
Calibrated cipolletti weir installed at the end of the flume is used to measure discharge, which is passing through
a rectangular flume in laboratory. Digital pointer gauge supported by the bridge is used to measure head over the
weir.This pointer gauge gives accurate reading of head of the water over the weir. The water depth at the middle
of the weir is taken as water head. There is no slope of the flume. After calibration of the discharge, the gabion
spillway is installed at the middle of the flume. The step in the spillway and porosity of the spillway is most
influencing parameter, which effects the discharge capacity and aeration efficiency of gabion spillway.
Measurement of the dissolved oxygen is carried out using Winkler’s Method.

2. PERFORMANCE EVALUATION OF AERATION EFFICIENCY USING SOFT
COMPUTING TECHNIQUES
2.1 GAUSSIAN PROCESS (PUK)
PUK: There are three user defined parameters of GP used in PUK i.e. noise, omega and sigma.

Table 1: Optimization values of user- defined parameter of GP with PUK
Noise
0.01

Omega
18

Sigma
1

2.2 Artificial Neural networks (ANN)
Table 2: Optimal values of user-defined parameter in ANN
Learning rate
Momentum
Hidden Layer
0.4
0.1
7

Training Time
7000

3. RESULT ANALYSIS:
To determine the value of aeration efficiency by GP, ANN and RF, the values of coefficient correlation (CC) an
d root mean square error (RMSE) are obtained by means of the test data set used to compare the performance of
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this modeling technique. 65% of total data set was taken for training data set and remaining 35% data are taken
for testing data
Table 3: Performance of AI based modelling techniques using the training data set.

Techniques
ANN
RF
GP

CC

RMSE

0.9843
0.9936
0.9998

0.0249
0.0033
0.0038

Table 4: Performance of AI based modelling techniques using thetesting data set.
Techniques
ANN
RF
GP

CC

RMSE

0.9932
0.9872
0.9856

0.0048
0.023
0.0183

Predicted Oxygen
Transfer
Efficiency(%)

0.4
0.3
0.2

ANN

0.1

RF

0

GP
0

0.1

0.2

0.3

0.4

Actual Oxygen Transfer Efficiency(%)

Fig 1: Actual v/s predicted values using artificial intelligence modelling techniques for training data set.

0.4
0.3
ANN

0.2

RF

0.1

GP
0
0

0.1

0.2

0.3

0.4

Fig 2: Actual v/s predicted values using artificial intelligence modelling techniques for testing data set

4. CONCLUSION
After evaluating the value of modern conventional empirical equation and AI-based models in predicting
aeration efficiency, Coefficient of correlation (CC) and Root mean square error (RMSE) are used. The output
values of aeration efficiency through gabion weir were computed using Gaussian process, ANN, and RF by
taking mean size, porosity, discharge, drop height, Reynolds number as input parameters. GP gives the best result
among all the modelling techniques used with C.C 0.9998 and RMSE. 0.0038. The authors gratefully
acknowledge the contributions of T. Edison, G. Westinghouse,N. Tesla, A. Volta and A. Ampere to the electric
power industry.
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1. INTRODUCTION & OBJECTIVE

MEMS devices such as actuators, resonators and switches utilize electrostatics as a preferred
method for their actuation. Similar to a parallel plate capacitor, the electrostatic force between
the surface of the deformable device and stationary ground is non-linear in nature. However
the restoring force of the deformable device is linear in nature. Due to the mismatch between
the restoring force and electrostatic force, these devices have an upper limit on the stable
operating range of the voltage as well as the stable operating range of the deformation i.e., the
pull-in voltage and pull-in displacement respectively (Nathanson et al. [1]). In order to design
these devices correctly, it is essential to have an accurate knowledge of their pull-in instability
parameters. Vast amount of research has gone into the determination of pull-in instability
parameters of such devices wherein, these devices have been majorly modelled as BernoulliEuler microbeams with either cantilever or clamped-clamped beam end conditions.
Parayil et al. [2] have studied the static and dynamic pull-in instability behavior of slender
cantilever microbeams. They have formulated a six-nodded spectral finite element based on
the Timoshenko beam theory (TBT-SFE). The TBT-SFE is not prone to shear locking
phenomenon. In order to demonstrate the efficacy of the TBT-SFE, they have compared pullin parameters of slender cantilever microbeams obtained using the TBT-SFE with
corresponding results of COMSOL-based three-dimensional finite element simulations.
Effects of the transverse shear in the beam deformation will also affect pull-in instability
parameters as the beam thickness-to-length ratio increases. In this paper, authors have reformulated the TBT-SFE based on the work by Parayil et al. [2] for the case of statics of the
propped-cantilever microbeam. However instead of formulating a six-noded TBT-SFE,
authors have first investigated the optimum number of nodes per element required to carry out
the study. For this purpose, authors have calculated results of the maximum beam transverse
displacement obtained by utilizing the developed TBT-SFE with different combinations of
number of nodes per element and total number of elements, for a shear deformable microbeam
under the action of uniformly distributed transverse load. These results are then compared
with corresponding analytical results by Pakhare et al. [3]. In the second step, the finalized
TBT-SFE is utilized to determine static pull-in instability parameters of propped-cantilever
microbeams with various beam thickness-to-length ratios. This study highlights the
importance of effects of the transverse shear in the beam deformation on pull-in instability
parameters of shear deformable Timoshenko microbeams.
The displacement field of the Timoshenko beam theory is as follows (Timoshenko [3]):
1
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u ( x, z ) = − z

dw

+

dx

w( x) = w

The TBT-SFE differs from a usual Timoshenko-based h-finite element in the choice of node
locations in an element (Parayil et al. [2]).
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Tables 1 and 2 give variations of non-dimensional pull-in voltage and pull-in displacement
with the beam thickness-to-length ratio for the narrow propped-cantilever microbeam.
Table 1. The non-dimensional pull-in voltage for the narrow propped-cantilever microbeam with a single 30noded TBT-SFE, the modulus of elasticity = 169 GPa and Poisson’s ratio = 0.3
The non-dimensional pull-in voltage
Theory

h / L = 0.01

h / L = 0.05

h / L = 0.10

h / L = 0.20

TBT-SFE $

5.8138

5.7497

5.5972

5.1095

Bernoulli-Euler [5]

5.7979

5.7979

5.7979

5.7979

$

A shear correction factor of 5 / 6 is utilized.

Table 2. The non-dimensional pull-in displacement for the narrow propped-cantilever microbeam with a single
30-noded TBT-SFE, the modulus of elasticity = 169 GPa and Poisson’s ratio = 0.3
The non-dimensional pull-in displacement
Theory

h / L = 0.01

h / L = 0.05

h / L = 0.10

h / L = 0.20

TBT-SFE $

0.3938

0.3944

0.3943

0.3938

Bernoulli-Euler [5]

0.3944

0.3944

0.3944

0.3944

$

A shear correction factor of 5 / 6 is utilized.

The non-dimensional pull-in displacement remains almost the same as those obtained using
the Bernoulli-Euler beam theory for shear deformable microbeam. However, the nondimensional pull-in voltage gets affected by the beam transverse shear deformation effects.
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Copper, due to its very good thermal and electrical conductivities, has been used in many
thermal and electronic applications for a long time. Still, copper is being studied today so that
its properties may be improved in order to prepare lighter alternatives with as good electrical
properties and with improved mechanical properties for its uses in lightweight aircraft wirings
and high power transmission in miniature devices [1]. Carbon Nanotubes (CNTs) have been
used as an attractive reinforcement for many polymer, ceramic and metal composites mainly
due to its high Young’s Modulus in order of tera pascals. As the grain size of any
polycrystalline metals decreases, and approaches less than 100 nm, the mechanical properties
like the strength and the hardness increases. Due to this nanocrystalline (NC) metals have
attracted a great deal of attention. However, a major problem remains for these materials –
their low ductility. Inclusion of CNTs in NC materials, such as NC copper can be an option
for improving the mechanical properties.
Researchers have investigated the problem of reinforcing NC copper with CNTs, and the
experimental results reveal good enhancement in the strength and the ductility. However,
theoretical and computational approaches are few as far as NC copper-CNT composites are
concerned [2,3]. In fact theoretical studies are important for the proper understanding of the
interfacial strength of the CNT metal interface and the deformation mechanisms governing it.
In this paper, the mechanical properties of NC copper reinforced with CNTs has been studied
using MD simulations through a uniaxial tensile mechanism. The effect of CNT diameter,
temperature and number of layers have been studied.

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
By reinforcing NC Copper with single-walled CNT, it is seen that the elastic modulus does
not always increase with the increase in volume fraction of the reinforcement, as seen in many
other materials such as Aluminium [4]. The deviation of the elastic modulus of the composite
material from the parent material is not significant, though. The yield strength, on the other
hand, has been observed to increase with an increase in the volume fraction of the CNTs. No
particular grain dependence of the properties has been found in the composites.
With an increase in strain, NC copper fractures along the grain boundaries. As the strain
increases in the NC copper reinforced with a single walled CNT of chirality (25,25), we
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observe the CNT to detach from the parent material. This leads to void formation, crack
propagation, and ultimately fracture. All of these result in the decrease of elastic modulus.

Fig 1 (top). Stress-strain plot for the grain size = 5.7 nm at 10K. (bottom). The centrosymmetry parameter for
NC Copper reinformed with (25,25) CNT at 10K.

With increase in number of layers of CNTs it is seen that both young’s modulus and strength
increase. Also due to the interaction of inner CNTs with the matrix and the other layes there is
no CNT detachment and void formation begins in the grain boundary junction inside the bulk
of the material.
Hence it is seen that the position of grains in the composites with respect to the CNT is very
important for the initiation of void and crack propagation in nanocrystalline copper and hence
have an influence in mechanical properties.
REFERENCES
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1. INTRODUCTION & OBJECTIVE

Accumulation of damages during the service life of structure can reduce its safety. Every
structure that is constructed has a particular age but these structures can deteriorate before their
service life due to various factors such as harsh environmental conditions, fatigue due to service
loading, etc. To access the information regarding the health index of structure the need for
various unconventional damage assessment practices and dependable structural health
monitoring systems is presently high. Structures to perform efficiently damage assessment and
appropriate retrofitting are required. Structural health monitoring (SHM) has verified to be an
economical technique for damage assessment in structures over the past several decades. In
reinforced concrete beams flexural cracks distribute non-linearly and propagate along with all
directions. The crack continues to propagate until the structure or structural component
fractures. Due to this complex behavior of cracks, simplified damage simulation techniques
such as reductions in the modulus of elasticity or section depth or stiffness of rotational spring
elements cannot be applied to simulate flexural cracks in reinforced concrete components.
Besides these simplified techniques, dynamic properties have been used extensively in the past.
Dynamic properties such as frequency, mode shapes vary a lot with environmental changes so
they are not very reliable. This research will address the above gap in knowledge by developing
a model that can represent the complex behavior of cracks and then utilize artificial neural
networks to assess damage in RC flexural members.
For simulating concrete cracking and crack propagation the Concrete Damaged Plasticity Model
is selected. Damaged Plasticity Model in the Abaqus FE package requires stress-strain data
under compression and tension to be defined. It requires either material testing or proper
numerical models. The complete stress-strain (𝜎𝑐 - 𝜖𝑐 ) curve proposed by [1] was adopted for
concrete under compression. A weakening function has to be defined to plot stress-strain (𝜎𝑡 𝜀𝑡 ) curve in tension. The stress-strain curve proposed by [2] was adopted for concrete in tension.
The experimental results obtained by [3] were taken as reference test data. Four-point loading
was applied to the beam. The beam can take an approximate maximum load of 45 KN. The
total load was applied in ten steps starting from 15% till 100% of failure load is reached.

2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The deflections were measured at the midspan of the beam for four-point loading. To compare
experimental data with numerical data load-deflection curve was recorded. Significantly
vertical major cracks were seemed to be alike the cracking pattern observed experimentally..
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The purpose of the study of crack propagation was to confirm that the numerical model can
show similar crack formation as developed in the experimental study.

Figure1: Static load-deflection plot and crack patterns

Nineteen surfaces of the same area were created on beams top surface as shown in Error!
Reference source not found.. Loading was applied at these surfaces. The intensity of loading
was increased at a particular location from 15% to 100% of the failure load. Node displacement
in the vertical direction along the length of the beam was measured for predefined load intensity
at several locations. It was seen that for a particular loading intensity at a location unique crack
pattern is generated. Each element of beam stored a stiffness value within itself, these degraded
stiffness values were extracted as they represent crack patterns. These extracted values of
degraded stiffness were fed into a MATLAB program in the form of a matrix to process the
data. 151 such beam models were analyzed and a similar number of matrices were generated. It
can be observed from Tab. 1 that network N3 performed well with the overall R-value of
0.97171
Table 1: Specifications of different ANN architectures for 112 output nodes

Network
N1
N2
N3
N4
N5

Design
(INP-HN-OUT)
112-10-112
112-15-112
112-20-112
112-25-112
112-30-112

Iterations
19
21
23
27
31

MSE

R (Regression)
Training Testing Validation
0.5838 0.9137
0.92546
0.92128
0.3777 0.97765
0.9637
0.90821
0.0397 0.96501 0.98132
0.98805
0.086
0.96568
0.9623
0.97057
0.073
0.96633
0.9673
0.95006

All Data
0.91695
0.96671
0.97171
0.96587
0.96369
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ABSTRACT
In India, coal mining is usually performed through open-cast mining procedure where the material is excavated
from the surface of the earth. The excavated waste material is deposited in a sloped formation. The material in
dump slope is usually not well compacted and composed of fragmented heterogeneous soil particles devoid of
adequate cohesive properties. The height of the dump slope reaches nearly 80 m – 100 m and slope failures are
frequent leading to loss of lives, properties and disruption of work. Thus, ensuring the stability of a dump slope is
a formidable task in India. In this paper, the stability analysis of Khadia Open-cast mine slope has been
investigated in detail. Limit equilibrium technique-based Bishop’s method is used for determination of F which
considers interslice normal forces but neglects the interslice shear forces for any slice inside the failure mass. The
analyses are performed using geotechnical software GEOSTUDIO 2007. The effect of seepage in steady state
condition is incorporated in the analysis. Also, the effect of seismic excitation is also considered and factor of
safety F of the dump slope is determined.
Keywords: Khadia open cast mine slope; slope analysis; Bishop’s method; steady state seepage; transient state
seepage; Geo-Studio 2007.

1.0 Methodology
1.1 Steady state seepage
The governing differential equation for steady state seepage condition is as follows:
h 
 
h 
 
+Q = 0
ky
+
kx
y 
y 
x 
x 



Where; Q = The applied boundary flux,

(1)

k x = The conductivity of soil material in the lateral x-direction,

k y = The conductivity of soil material in the vertical y-direction, h = The gross available head
For equation (1), the boundary condition pertains to head of water h being defined at the boundary of domain.
1.2 Calculation of FOS of the Slope
The factor of safety expression in Bishop’s method (1955) for a circular slip surface is:
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'
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(2)

Where:

ru =

ub u
=
, ru = Pore-pressure coefficient, u = Pore-pressure , b = Width of slice ,
W h

h = Mean height of slice, c ' = Cohesion (with respect to effective stress)

' =

Friction (with respective to effective stress)
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2.0 Result and Discussions
Northern Coalfields of India operates Jayant Opencast mine which produces power grade, non-coking coal in
Singrauli district of Madhya Pradesh. The Singrauli coalfield is located at 810 40' & 82052'E latitudes to 230 47'
& 240 12' N longitudes. The Sonebhadra district of Uttar Pradesh lies to the extreme north-east. Coal mining is
currently confined in Singrauli coalfield 's northeast portion. The geometry of the dump slope is shown in Fig. 1.
The various material properties used for analysis of dump slope are shown in Table 1 (Sengupta et al., 2016).
Table 1 Material properties of Waste Dump slope embankment
Soil layer
Dump
Material
Interface
Material

Saturated
Density
KN/m3

Submerge
Density KN/m3

Effective
Cohesion
KN/m2

Friction
Angle (φ’)

21.07

11.07

45

300

21.07

11.07

58

290

Saturated
Conductivity m/sec

The factor of safety of the slope is calculated for following conditions using Bishop’s method:
Case1: Evaluation of Factor of safety of dump slopes under full water conditions (i.e. under steady- water state).
Case 2: Pseudo-static earthquake analyses in combination with steady state seepage with horizontal earthquake
coefficient of 0.08g (50% of PGA for zone II where PGA = 0.16g as per IS 1893, 2016).
The results are presented in Table 1:

Figure 1: Dump slope Failure surface and Factor of safety

Case

Factor of
Safety

Steady State

1.363

Steady State seepage + 0.08g seismic
excitation

1.174

Table 1: Factor of safety of dump slope of Khadia
open cast mine for different cases

Conclusion:
1.

In case of steady state, the factor of safety value for open cast mine slope is reported as 1.363.

2.

In case of pseudo- static earthquake analyses (0.08g seismic excitation) with steady state seepage, the
factor of safety is reported as 1.174 which is found to be safe.
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1. INTRODUCTION & OBJECTIVE

Dissolved oxygen (DO) is an essential indicator of water quality. Aeration can introduce DO
in water through the use of hydraulic structures such as gabion stepped weir. Gabion stepped
weir creates turbulence that promotes aeration by increasing air-water interface. The objective
of this paper is to compare the prediction potential of Random Forest (RF) and Support Vector
Machine (SVM) models from experimental data of aeration efficiency of gabion stepped weir
models. Through training and testing the modeling performance of the data is evaluated. The
output value of aeration efficiency is computed by taking mean size, porosity, discharge, drop
height as input parameters. The result of this paper will help to choose better modeling
technique for gabion stepped weir.
2. RESULT
Correlation coefficient (CC) and root mean square error (RMSE) values for RF and SVM are
used to test the prediction performance by using training and testing dataset (stated in Table
1). The result suggests better performance of SVM in CC and RMSE.
Table 1. Performance of Soft Computing techniques using training and testing data set.
Techniques

Training
CC

Testing
RMSE

CC

RMSE

RF

0.9920

0.0299

0.8738

0.0649

SVM

0.9945

0.0174

0.9231

0.0613

Predicted Data

Figure 1 and 2 shows dataset of aeration efficiency of Gabion stepped weir for training and
testing set, respectively.

1
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Predicted Data

Figure 1. Actual v/s predicted values for training data set
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0
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Figure 2. Actual v/s predicted values for testing data set

Aeration Efficiency

From Figure 3, it is clear that Predictive values by SVM approach is in good agreement with
actual experimental performance.
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Figure 3. Variation in predictive values by RF and SVM in comparison of actual values.

3. CONCLUSION
The present experimental work has been conducted to compare the prediction potential of RF
and SVM for the aeration efficiency of gabion weir with different number of steps and with
three different size of the gravel material. SVM gives the better result among the two
modeling techniques used with CC 0.9231 and RMSE 0.0613. Hence SVM can be
successfully applied in predicting the aeration efficiency of gabion stepped weir.
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ABSTRACT
The solution of slope stability problems requires determination of critical failure surface and associated minimum
factor of safety (F) value. The task of determination of critical failure surface in any soil slope can be posed as a
constrained global optimization problem. Bat algorithm (BA) is a nature inspired metaheuristics optimization
approach which has been applied for the first time for performing slope analysis. Morgenstern-Price method is
used to determine the factor of safety of the slope. Two benchmark soil slopes have analysed herein which include
a homogenous and a heterogenous slope. It is observed that the obtained minimum F values and the associated
critical failure surfaces for the two slope problems are found with very good accuracy which allies with already
published results. To demonstrate the performance of BA and their competence in yielding critical failure surface,
detailed statistical analysis is performed by varying swarm size and maximum number of iterations. Also, the
convergence behaviour of BA has been studied with respect to the iteration count in their attempt to reach the
converged solution.
Keywords: Slope stability; Metaheuristic optimization; Bat algorithm; factor of safety; critical failure surface.

1.0 INTRODUCTION
Determination of minimum F and the associated critical failure surface is essentially an optimization problem.
The application of meta-heuristic optimization methods in slope analysis problems have been reported by many
researchers. In slope analysis, various researchers employed Genetic Algorithm (GA) in evaluation of minimum
F value (McCombie et al. 2005; Zolfaghari et al. 2005). Later, other investigators demonstrated the efficiency of
swarm-based optimization technique such as particle swarm optimization (PSO) in search of critical failure
surface (CFS) in slope stability analysis (Cheng et al. 2007; Himanshu and Burman 2019). Recently, Mishra et al.
(2019a, b) and Himanshu et al. (2020) uses nature inspired metaheuristic optimization in estimation of F for soil
slope analysis. In the present work, Bat Algorithm (BA) is used to study two slope models selected from existing
literatures. BA is found to be a very suitable and efficient method for solving two problems. This is the first time
the application of BA in context of soil slope analysis. Therefore, this aspect may be treated as the contribution
of the authors towards the vast knowledge pool which already exists for slope stability analysis problems.
2.0 METHODOLOGY & MODELLING
Bat Algorithm (BA) is a nature inspired metaheuristic optimization method which aims to copy the fascinating
abilities of bats of navigation and hunting. The novel swarm-based optimization algorithm was first proposed by
Yang (2010). In the present study, BA have been applied for searching critical failure surface out of potential
failure surface having lowest value of F. Limit equilibrium technique based Morgenstern and Price (1965) is
utilized in the present work to evaluate the factor of safety (F) of potential failure surface.
3.0 RESULTS AND DISCUSSIONS
A Homogeneous Soil Slope
The soil slope under consideration is a homogenous soil slope taken from the literature Zolfaghari et al. (2005).
The geometric layout of homogenous soil slope is shown in Fig. (1). The soil properties are as follows: unit weight
 = 18.84 kN / m3 , effective cohesion c = 28.73 kN / m 2 and angle of internal friction   = 20 . The CFS
obtained using different metaheuristic optimization algorithm are also demonstrated in Fig. (1). A comparison of
evaluated minimum F values using various metaheuristic optimization techniques in current study with the results
reported by other researchers is shown in Table (1). The results shown in Table (1) helps to establish the
validation of the developed MATLAB code for slope analysis purpose.
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Figure 1: Critical non-circular failure surfaces obtained by BA for Homogenous soil slope
Table 1: Minimum F value for above mentioned homogeneous slope
Literatures
&
Current Study
Zolfaghari et al. (2005)
Cheng et al. (2007)
Current Study

Limit
equilibrium
method
BM, MPM
(Circular, NonCircular)
SM
(Non-Circular)
MPM
(Non-Circular)
(Slices 40)

Optimization method

Minimum
Factor of Safety
(F)

GA

1.74-1.76

SA, GA, PSO, TABU
and ACO

1.7267-1.7647

BA

1.729479
(N = 50, kmax = 250) *

4.0 CONCLUSION:
In the present work, Bat Algorithm (BA) has been used to search for the minimum Factor of Safety (F) of any
slope and also corresponding critical failures surface has been located. The BA has been found to be successful
in achieving the global minimum F and locating the corresponding critical failure surface slope stability problems
efficiently.
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ABSTRACT
The analysis of slope stability problems needs to determination of critical/potential failure surface and minimum
factor of safety (FOS) value. Searching critical failure surface in soil slope is a constrained global optimization
problem. The illustration of factor of safety (FOS) of the slope is used as the objective function of the optimization
problem. Morgenstern-Price method is a limit equilibrium-based technique which assures both moment and force
equilibrium of whole slices in the failure soil mass. This method has been used to calculate Factor of Safety (FOS)
of the potential/critical failure soil mass against slope failure in the current work. In this current study, a metaheuristic optimization approach such as Cultural Algorithm (CA) is utilized in soil slope analysis and its capability
in yielding critical failure surface along with minimum FOS value is studied in details. It is observed that the
Cultural Algorithm (CA) used to minimize the expression of FOS of the slope have successfully achieved its goal.
The obtained results are compared and are found very close to the published literatures.
1.0 INTRODUCTION
In any slope analysis problem, Critical slip surface and the corresponding minimum factor of safety (FOS) is
required to be found out. Meta-heuristic optimization methods have been found to be very effective for this
purpose. Particle swarm optimization (PSO) have been used by investigators for searching critical slip surface in
soil slope (Cheng et al. 2007; Himanshu and Burman 2019). Recently, Mishra et al. (2019a, b) and Himanshu et
al. (2020) used various nature inspired metaheuristic optimization techniques to optimize the objective function
in slope stability problems. In the present work, Cultural Algorithm (CA) is used for the first time to study a
homogeneous soil slope selected from existing literature. CA is found to be a very suitable and efficient method
for optimization of the slope problem.
2.0 METHODOLOGY & MODELLING
Cultural Algorithm (CA) is an evolutionary model that is inspired by the process of cultural evolutionary. The
novel swarm-based cultural algorithms are given by Reynolds (1994) based on the modeling of social evolution
and learning. The cultural algorithm contains of an evolutionary population whose records are merged into a belief
space which is consisting of various forms of symbolic knowledge. In the present study, CA have been applied
for searching critical failure surface out of potential failure surface having lowest value of FOS. Limit equilibrium
technique-based Morgenstern and Price (1965) is utilized in the present work to evaluate the factor of safety (FOS)
of potential failure surface.
3.0 RESULTS AND DISCUSSIONS
A Homogeneous Soil Slope:
The soil slope under consideration is a homogenous soil slope taken from the literature of Yamagami and Ueta (
1988). The soil properties are as follows: unit weight  = 17.64 kN / m3 , effective cohesion c = 9.80 kN / m 2
and effective angle of internal friction   = 10 .The geometric layout of homogenous soil slope is shown in Fig.
(1). The CFS obtained using different metaheuristic optimization algorithm are also demonstrated in Fig. (1). A
comparison of evaluated minimum F values using various metaheuristic optimization techniques in current study
with the results reported by other researchers is shown in Table (1).
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Figure 1: Critical non-circular failure surfaces obtained by CA for Homogenous soil slope.

Table 1: Minimum FOS value for homogeneous slope
Literature and Present
study

Limit equilibrium
method

Greco (1996)

SM

Cheng et al. (2007)

SM

Present Study

MPM
(Slices 20)

Optimization
method
Pattern Search
MC technique
PSO
MPSO

Minimum Factor of
Safety (FOS)
1.327-1.330
1.327-1.333
1.3249-1.3285
1.3259-1.3273

CA

1.324912

4.0 CONCLUSION:
In the present work, Cultural Optimization Algorithm (CA) has been used to search for the minimum factor of
safety (FOS) of any slope and also corresponding critical failures surface has been located. The cultural algorithm
has been found to be successful in achieving the global minimum FOS and locating the corresponding critical
failure surface slope stability problems. For a homogeneous slope, the global minimum FOS is found to be equal
to 1.324912. the value tallies well with the value of minimum FOS reported in literature.
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1. INTRODUCTION & OBJECTIVE

With the advent of technology, we now possess the ability to create single particle heat
engines ([1-5]). While the Carnot engine remains the most efficient engine known to man, a
Stirling engine with regenerative heat approaches the Carnot efficiency [6]. A Stirling cycle
comprises two isochoric processes and two isothermal processes, as shown in figure 1.

Fig 1: An ideal Stirling cycle. The processes 1-2 and 3-4 are isothermal and 2-3 and 1-4 are isochoric

In this work, we compare the efficiency of a single particle Stirling engine using both
deterministic and stochastic methods. Our single particle comprises a single harmonic
oscillator. The isothermal expansion (contraction) process is mimicked by reducing
(increasing) the stiffness of the spring while keeping the temperature constant. The isochoric
heat addition (removal) process is mimicked by keeping the spring stiffness as constant but
linearly increasing (decreasing) the temperature of the single harmonic oscillator. The analysis
is repeated over a number of cycles (~100000), from which the statistics of work and heat
transfer are obtained. The statistics is then utilized to compute the efficiency of the Stirling
cycle.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Unlike in the continuum case, the efficiency of the ideal single-particle Stirling cycle is a
variable that changes in each cycle. In fact, efficiency itself has its own probabilistic nature
[7]. In view of this, the average efficiency is computed. In the quasi-static limit, we show that
the single-particle based Stirling cycle’s efficiency, in an averaged sense, approaches the
theoretical continuum based efficiency of the Stirling cycle. The results are shown in figure 2.
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Fig 1: Averaged Efficiency for the single particle Stirling Cycle. The stochastic thermostat based efficiency
agrees well with the deterministic thermostat based efficiency in the quasistatic limit. Further, in this limit, the
averaged efficiency without regeneration approaches the theoretical value of 0.80.

Our results indicate that the efficiency obtained due to the stochastic thermostat agrees well in
the quasistatic limit with the deterministic Hoover-Holian thermostat [8] . When the
regenerative heat supplied during the isochoric heat addition process is taken into account
within the efficiency computation, the efficiency of the cycle decreases drastically. In addition
to this, we also show that the heat added during the isochoric process is exactly equal to the
heat removed during the other isochoric process.
The results of distribution of work, heat and efficiency will be discussed in details in the full
manuscript.
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1. INTRODUCTION & OBJECTIVE

For the construction of any structure on the rock mass, engineering properties (strength and
deformation charectaristics) of the rock palys an important role. These properties are useful in
planning and optimizing the utilization of the natural resources of the earth. The design of the
structure resting on rock is influenced by the strength and elasticity response under different
stress conditions. The major influencing facor is the stress-strain behaviour and the elastic
modulus (E). The stress-strain behaviour is generally determined by the unconfined
compressive strength (UCS) test. This property is dependent on the point load strength index
‘Is(50)’, Schmidt rebound hammer number ‘Rn’, P wave velocity ‘VP’, and the porosity ‘n’ as
reported in [1-2]. It was reported by [3] that, the basic rock index tests, such as physical tests,
ultrasonic velocity test, point load strength test, Schmidt hammer test and Brazilian tensile test
were easy to perform and were economical. In the present study the elastic modulus (E) of the
rock was predicted based on the index properties of the rock. Application of ANN is the most
dynamic area of research in the diverse applications of engineering. Though ANNs were able
to directly map the input to the output and utilize all the influencing parameters for the
prediction purposes, there were still some limitations such as the slow rate of learning
and entrapment of the local minima as reported by [4-5]. To overcome this limitation,
support vector machine with poly kernel and RBF kernel was used in the present study.
This SVM techniques have been successfully used in the diffent engineering application
areas [6-9]. To achieve the objective of the present study, total 71 data were collected from
the literature [10]. It contains the point load strength index ‘Is(50)’, Schmidt hammer
rebound number ‘Rn’, P wave velocity ‘VP’, porosity ‘n’, and young’s modules ‘E’. The
rangle of these variables used for the SVM model were shown in the Table 1. The input
parameters were Is(50), Rn, VP and n and the output parameter was modulus of elasticity (E).
Table 1. Range of the paramentrs used in SVM modeling
Input parameters

Total data set
Min.

Max.

Avg.

Standard deviation

Is(50) (MPa)

0.89

7.10

3.34

1.50

Rn

37.00

61.00

49.56

5.96

VP (m/s)

2823.00

7943.00

5580.74

1089.43

n (%)

0.10

0.57

0.37

0.13

E (GPa)

22.00

183.30

88.40

34.93
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Total 71 data sets were collected from the literature to predict the modules of elasticity (E)
for the granite rock using support vector machines. The data contains index properties of the
rock such as porocity ‘n’, point load strength index ‘Is(50)’, Schmidt hammer rebound number
‘Rn’, P wave velocity ‘VP’ as input parameters. The output was the elastic modulus (E). The
conclusions drawn from the above study are:
-

Two support vector machines modesls were used such as polynomial kernel and RBK
kernel. Among these two models, the best model was decided using the performance
measures such as Correlation coefficient (r), Coefficient of determination (R2), Root
mean square error (RMSE), Mean absolute error (MAE), Relative absolute error (RAE)
and Root relative square error (RRSE).

-

The developed models were compared with the previously available correlations in
literature.

-

Sensitivity analysis was performed in order to see the relative importance of the each
input parameters on the output modulus of elasticity.
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1. INTRODUCTION
The mechanical contraction and relaxation of the heart is based on its electrical activity. Excitation
Contraction Coupling (ECC) is a process where the electrical activation of the cardiac myocyte
leads to its mechanical contraction. Mathematical modelling of the electrical activity gives us a
better understanding of the underlying biophysics of the cardiac myocyte, study the resulting
mechanics of cardiac tissues and mechanisms of arrhythmia.
Sino Atrial Nodes of the heart produces electrical impulses, to initiate the change in membrane
voltage of the cell. This change is called an action potential. Ion channels are the membrane
proteins which allow the transport of ions across the membrane and thus is responsible for ionic
currents and transmembrane ionic gradients. The ion channels can conduct only when they are
open. The ion channels driving the ECC process in cardiac myocyte are voltage-gated, i.e. their
opening/closing is dependent on membrane voltage. The gating reaction can be generally described
as:

(1  p )




p

Where p is a gating variable representing fraction of channels open, ,are rate parameters dependent
on membrane voltage. The ODE describing the above kinetics is given as :
𝑑𝑝
= 𝛼(1 − 𝑝) − 𝛽(𝑝)
𝑑𝑡
Generic equation of ionic current through an ion channel can be given as:

𝐼 = 𝑝 × 𝑔 × (𝑉 − 𝐸)
where g is conductance,V is membrane voltage and E is Nernst potential of the ion.

To describe potential propagation in cardiac tissue, the currents resulting from the intercellular
coupling have to be specified. The governing differential equation is given as:
𝜕𝑉
𝐼𝑖𝑜𝑛 − 𝐼𝑠𝑡𝑖𝑚
− ∇. (𝐷∇𝑉) +
=0
𝜕𝑡
𝐶𝑚
where, 𝐷 is diffusivity tensor, 𝐶𝑚 is the membrane capacitance, and 𝐼𝑠𝑡𝑖𝑚 is a stimulus, 𝐼𝑖𝑜𝑛 is total
ionic current, which is the sum of individual ionic currents.
This work aims at mathematical modelling of action potential propagation, which can incorporate
ion channel models at the cell level to reaction-diffusion equation at the tissue level.
2. METHODOLOGY AND RESULTS
The computations involved at the cellular level is employed from Greenstein-Winslow’s model.
There are 13 ionic currents which sum up to total ionic current (𝐼𝑖𝑜𝑛 ), namely, the fast inward Na
current (𝐼𝑁𝑎 ), L-type Ca2+ (𝐼𝐶𝑎𝐿 ), L-type K+ (𝐼𝐶𝑎𝐾 ), inward rectifier K+(𝐼𝐾𝑟 ), delayed rectifier K+
(𝐼𝐾𝑠 ), transient outward (𝐼𝑡𝑜1 ), time-dependent K+ (𝐼𝐾1 ), plateau K+ (𝐼𝐾𝑝 ), Na+-Ca2+exchanger
1
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(𝐼𝑁𝑎−𝐶𝑎 ), Na+-K+ pump (𝐼𝑁𝑎−𝐾 ), sarcolemmal Ca2+ pump (𝐼𝑝(𝐶𝑎) ), background Na+(𝐼𝑁𝑎,𝑏 ),
background Ca2+ (𝐼𝐶𝑎,𝑏 ) currents. The ionic currents are obtained by solving a set of ODEs of the
ion channels.The plot of membrane potential as a function of time is obtained as shown in Fig.1.
For a one-dimensional tissue
problem, the cells are assumed to be
in a linear cable arrangement,
connected end on end. Numerically
the domain is discretized spatially
using Galerkin finite element
method and, integrated over time
using a finite difference scheme. The
cable is discretized into linear finite
elements, with the nodes of the
elements being cells. Using basis
functions, the nodal voltages and
currents can be discretized as:
Figure.1. Membrane Potential as function of time

𝑉=

[𝑁]{𝑉 𝑘 }

𝐼𝑚
𝐼𝑚 𝑘
= [𝑁] {
}
𝑖;
𝐶𝑚
𝐶𝑚 𝑖

𝐼𝑚 = 𝐼𝑖𝑜𝑛 − 𝐼𝑠𝑡𝑖𝑚 , 𝑖, 𝑘 are time and nodal indices respectively, [𝑁] is elemental basis function
vector. {𝑉 𝑘 } is a column vector comprising nodal voltages, The elemental equations are assembled
to form the discretized equation as:
([𝑀]𝐺 + [𝐾]𝐺 Δ𝑡){𝑽𝒌 }

𝒊+𝟏

= [𝑀]𝐺 {𝑽𝒌 }𝒊 − [𝑀]𝑮 Δ𝑡 {

𝑰𝒎 𝒌
}
𝑪𝒎 𝑖

[𝑀]𝐺 , [𝐾]𝐺 are global mass and stiffness matrices, obtained by assembling elemental matrices. Noflux boundary condition is applied at the end node. As a boundary condition, the voltage of the end
node is fixed i.e. 𝑉(𝑥𝑒𝑛𝑑 , 𝑡) = 𝑉0 ( 𝑅𝑒𝑠𝑡𝑖𝑛𝑔 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒). Stimulus current is provided at
the first node. The membrane currents at nodes are obtained by solving the set of differential
equations of the cell model.
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1.INTRODUCTION

A structural system may fail in several possible modes, thus finding the exact reliability of the
structure is therefore not possible always. To get an estimate of the system reliability we need
upper and lower bounds to the reliability. For computation of bi-order system reliabilities the
most common formula is one that is known as Ditlevsen Bound. This paper presents a better
lower bound than Ditlevsen bound using techniques proposed by other authors like Zhang.
2. BACKGROUND
The earliest attempts to find out the bounds was by Freudenthal[1], that is 𝑃(𝐹)~ ∑𝑚
𝑖=1 𝑃(𝐹𝑖 ) In
the case of fully dependent failure modes , the weakest failure mode will always be the most
likely to fail, irrespective of the random nature of the material strength. Hence 𝑃(𝐹) ≥
max (𝑃(𝐹𝑖 )) . Cornell [2] used the earlier equations to define relatively crude bounds of failure
probability of the system in series type. when the failure modes are somewhere between
completely independent and fully dependent max(𝑃(𝐹𝑖 )) ≤ 𝑃(𝐹) ≤ 1 − ∏𝑚
𝑖=1(1 − 𝑃(𝐹𝑖 )).The
upper bound is actually more than this, with this being true only for coherent systems.
Researchers after this are more interested to keep the bi-order terms to predict the system
reliability. Bonferron [3] proved that even and odd order bounds are always lower and upper
bounds respectively. This is because of the alternating signs as the order of the terms increases.
One important thing to keep note is that consideration of an additional failure mode cannot
reduce the probability of structural failure, thus the sum of rest of the terms we get from the
addition of a new failure mode is always positive. Noting that 𝑃(𝐹𝑖 ∩ 𝐹𝑗 ∩ 𝐹𝑘 ) ≤ 𝑃(𝐹𝑖 ∩ 𝐹𝑗 ),a
lower bound can be obtained if we keep only those terms [𝑃(𝐹𝑖 )- 𝑃(𝐹𝑖 ∩ 𝐹𝑗 )], which makes a
non-negative contribution to the lower bound Ditlevesen [4]. An alternative way of using the
terms 𝑃(𝐹𝑖 ) and 𝑃(𝐹𝑖 ∩ 𝐹𝑗 ), is to select only those combinations of all such terms which give the
maximum value (of the lower bound) Kounisas [5].
3. METHODOLOGY
The second-order series bounds generally deteriorate as the correlation between (linear) limit
state functions increases. Improved bounds for series systems may be obtained if higher-order
terms are retained,for example,if terms of the form 𝑃𝑖𝑙𝑗 for 𝑃(𝐹𝑖 ∩ 𝐹𝑗 ∩ 𝐹𝑘 ) are retained [6]. In
this case the third-order series bounds become, with 𝐹𝑖 (i=1,…,m) denoting them possible failure
𝑖−1
modes:
𝑃(𝐸1 ∪ 𝐸2 ) + ∑𝑛𝑖=3 𝑚𝑎𝑥[ 𝑃𝑖 − ∑𝑖−1
𝑗=1 𝑃𝑖𝑗 + 𝑚𝑎𝑥1≤𝑙≤𝑖−1 ∑𝑗=1,𝑗≠𝑙 𝑃𝑖𝑗𝑙 ] ≤ 𝑃𝐹 ≤
𝑃(𝐸1 ⋃ 𝐸2 ) + ∑𝑛𝑖=3[ 𝑃𝑖 − 𝑚𝑎𝑥𝑗<𝑙,1≤𝑙≤𝑖−1 {𝑃𝑖𝑙 + 𝑃𝑖𝑗 − 𝑃𝑖𝑙𝑗 }]. Again some ordering of failure events
may be necessary to obtain the best bounds.Now a very important thing to notice is that 𝑃𝑖𝑙𝑗 ≤
min(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 ) .So if we substitute 𝑃𝑖𝑙𝑗 with min(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 ) we will get a bound which is
greater than the upper bound mentioned above.Now let us prove that this substituted upper bound
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is actually lesser than the upper bound proposed by Ditlevsen. We know that 𝑃(⋃𝑛𝑖=1 𝐹𝑖 ) ≤
∑ (𝑃𝑖 − 𝑚𝑎𝑥𝑗<𝑖 (𝐹𝑖 ⋂ 𝐹𝑗 )) = ∑𝑛𝑖=1 𝑃𝑖 − ∑𝑛𝑖=2 𝑚𝑎𝑥𝑗<𝑖 (𝐹𝑖 ⋂ 𝐹𝑗 ). So we only need to prove that
∑𝑛𝑖=2 𝑚𝑎𝑥𝑗<𝑖 (𝐹𝑖 ⋂ 𝐹𝑗 ) ≤ ∑𝑛𝑖=2 𝑚𝑎𝑥𝑗<𝑙,1≤𝑙≤𝑖−1 {𝑃𝑖𝑙 + 𝑃𝑖𝑗 − min(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 )} . Note that the code
will search for all possible combinations of 𝑗 < 𝑙, 1 ≤ 𝑙 ≤ 𝑖 − 1 . So if we can prove that one of
the possible combinations is at least maxj<𝑖 (Fi ⋂ Fj ). Then max of all combinations will be
definitely at least 𝑚𝑎𝑥𝑗<𝑖 (𝐹𝑖 ⋂ 𝐹𝑗 ) . For 𝑃𝑖𝑙 let’s take the max of it maxi<j(FiFj). Now other 2nd
order intersections (for ) will be lesser than this i.e 𝑃𝑖𝑙 ≥ 𝑃𝑖𝑗 .. Therefore we get 𝑃𝑖𝑙 + 𝑃𝑖𝑗 −
min(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 ) ≥ 𝑃𝑖𝑙 𝑠𝑖𝑛𝑐𝑒 𝑚𝑖𝑛(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 ) ≤ 𝑃𝑖𝑗 ≤ 𝑃𝑖𝑙 . Therefore from the previous lemma
we get 𝑚𝑎𝑥𝑗<𝑙,1≤𝑙≤𝑖−1 {𝑃𝑖𝑙 + 𝑃𝑖𝑗 − min(𝑃𝑖𝑙 , 𝑃𝑖𝑗 , 𝑃𝑙𝑗 )} ≥ 𝑚𝑎𝑥𝑗<𝑖 (𝐹𝑖 ⋂ 𝐹𝑗 ). We hence prove that
our bound is better than Ditlevsen Upper Bound.
4. RESULTS
We compared the results of our upper bound with that of Ditlevensen’s Upper Bound by varying
the changing the number of failure modes in the system. The covariance matrix of the fauliure
modes we chose is sigma(m,n)=exp(-abs((m-n)/d)). Our Upper Bounds is atleast or lesser than

Figure 1: Comparison of Ditlevsen and Our
Upper Bound

5. CONCLUSION
There are some bounds on the basis of all the single mode failure probabilities and all the
pairwise mode intersection failure probabilities. But these bounds are dependent on the ordering
of the events. It is hence necessary to correctly find out the non-negative terms of the series of
the expression of failure probability by suitably ordering and rearranging it. This paper
demonstrates how we can findsuch suitable ordering to find a better upper bound.
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1. INTRODUCTION & OBJECTIVE
Water distribution network (WDN) is an essential part of human civilization aiming to provide
water at consumers tap at reasonable price. High construction cost and complexity involved in
solving non-linear water distribution design problem makes it a concern for the researchers to
work in its field of optimization. Various evolutionary algorithms (EAs) have been used in
past to handle WDN problems. However, it is still a challenge to get the optimal solution for
realistic networks under available computational budget as most of these EAs require tuning
of certain algorithm-specific parameters. Improper tuning of these parameter either require
extra computational efforts or results in a local best solution. This paper is focused on
providing a simple procedure to find the minimum cost solution for the given WDN design
problem while satisfying constraints. An algorithm-specific parameter less teaching-learning
based optimization (TLBO) algorithm is applied to a series water distribution network to find
its minimum cost using python. TLBO is a population-based algorithm which mimics the
teaching-learning process of a class room. The objective function of this work is the
construction cost of WDN and the primary variable is the head at each node.
Comparison of results obtained using TLBO technique with past works concluded that this
algorithmic rule reaches global best solution in lesser number of function evolutions than
other evolutionary algorithms.
Keywords: Optimization, Water Distribution Network, TLBO, Evolutionary Algorithm.
2. RESULTS & HIGHLIGHTS
A series network having 3 junctions, 1 reservoir and 3 links is selected as the benchmark
network. The minimum pressure head was selected as zero and the maximum pressure head
was selected as twenty meters, which is the available head at the source node. Objective of the
work is to minimize the cost of the network. Primary variable is considered as the head at each
node. Initial population was generated using random numbers considering minimum and
maximum pressure head values. After selecting the common algorithm parameters, i.e.
generation number and population size for the specific network run, the cost of the network is
calculated for each population. A TLBO algorithm is applied for the minimization of the
objective function.
The results compared to the previous work shows that the minimum cost was achieved in
only 18 number of iterations. Previously this value is achieved in 33 number of iterations for
same benchmark network using Particle Swarm Optimization (PSO) [1]. Hence, it can be
projected that this algorithmic rule can be used in design of WDNs as it shows significant
reduction in the computational efforts required in optimization.
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1. INTRODUCTION & OBJECTIVE
Fracture is commonly observed among bones when the load acting on the bones exceeds the
limit. The surgeon reconstructs the fractured or fragmented bones using the bone screws either
directly or with fixation plates. Due to the micro-motion of screws, loosening and dislocation
of implant and pullout of the bone screws were commonly observed. The holding or pullout
strength of the bone screw is very important to be considered for fracture treatment. An earlier
study reported that the geometrical parameters of the bone screw such as major and
minor diameters, pitch, and thread length are most importantly influence the pullout strength
(Moser et al. 2017). Due to the requirement of extensive experimental tests, researchers
consider alternate approaches to investigate the pullout strength.
In this work, an attempt was made to investigate the holding strength of the implant
screw. The pullout strengths obtained from the experimental tests were compared with the
simulation results to identify the best location nearest to the defect site.
2. MATERIALS AND METHODS
The use of human bone in the experiments is replaced with bovine bone, as suggested in
the literature (Ali Akhbar et al. 2019). A 3.20 mm surgical drill bit was used to perform
the drilling operation. Based on the pilot study, the drilling parameters (500 rpm spindle
speed, and 80 mm/min feed rate) were selected for the experiments. The self-tapping cortical
screws of 4.0 mm diameter were inserted into the drilled holes. Pullout tests were
conducted in the Instron® tensile testing machine. A displacement rate of 5 mm/min, as
considered in the literature (Gupta et al. 2017) was used to extract the screw from the bone.
In this work, a 2D axisymmetric model of the bone and the cortical screw was
considered, and finite element analysis was performed in ABAQUS®. The screw implant
is made of medical-grade stainless steel. Thus, when compared with Young's modulus of
the bovine bone, the screw was considered as a rigid material. Similar to the pull out
experiment conducted on bone, the load was applied at the screw head during the simulation.
The contact between the bovine bone and the screw is treated as a simple type with friction
in the finite element solver.
3. RESULTS AND DISCUSSION
The method used in the pullout experiment was followed for the simulation using the finite
element method. The pullout force obtained from the uni-axial tensile test was 498 N,
whereas in the case of the finite element model it was around 535 N. Thus, the pullout force
obtained from the simulation was in agreement with the experiment.
________________
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In Fig.1, the von Mises stress pattern obtained from the finite element model is shown.
Based on the finite element results, it was concluded that the maximum stress occurred only in
the last thread of the bone screw. The observation made is in accordance with the earlier study
(Varghese et al. 2016).

(a)
(b)
Fig. 1. von-Mises stress obtained from the finite element model shown maximum value at the last thread (a)
current work (b) adopted from Varghese et al (2016).

4. CONCLUSIONS
In this work, pullout experiments were conducted on bovine bone, and then the 2-D
axisymmetric finite element model was developed. Validation of the developed finite element
model was carried out against the experimental tests. The developed simulation protocol
identified the holding power of the screw with only a 6.90% deviation from the
experiment. This model can be further extended to perform the pullout analysis of the
bone screw by considering the trapezoidal, and buttresses type threads.
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1. INTRODUCTION & OBJECTIVE

Environmental Protection has become a primary impetus in the investigation for new
sustainable and ecological well-disposed composite materials to substitute OPC creation. To
diminish the utilization of Portland cement in concrete, numerous endeavors are in progress.
Several studies on marble waste recycling were available in earlier literature. Aruntas et
al.1 Yen et al.2 used the marble dust for the cement production. Yen et al2 reported that up to
50% of lime stone can be replaced by marble dust to produce the cement. Corinaldesi et al.3
replaced the sand with marble sludge with a ratio of 10%, and Ergun4 replaced 5% of cement
with marble dust to obtain the feasible unconfined compressive strength. Salihoglu et al.5
confirmed that marble dust is suitable for geopolymerization purpose. Hence in this view for
fly ash based geopolymer the effect of marble powder is to evaluate with the following
objectives.
a. To study the viability of stone powder for fly ash-based geopolymer mortar
b. To study the mechanical properties (compressive, split, and flexural strengths) of
geopolymer mortar by replacing the fly ash with marble powder in the proportion of
25, 50, 75 and 100%.
c. The strength results are to be synchronized with compressive strength of mortar
To evaluate objectives, 15 cubes (7.06x7.06x7.06mm), 15 cylinders (100mm
diax200mm dia), and 15 beams (100x100x500mm) were cast with a mix proportion provided
in a Table 7. After 28 days normal curing, were subjected to compressive, split tensile, and
flexural strength tests.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
From the results, the mix 25% FA + 75% MP can be considered as optimum because of
utilizing the marble powder to a greater extent for the geopolymer mortar. The use of 100%
marble powder in place of fly ash it is not advisable in concern with mortar mix. The split and
flexural strengths are correlated in association with cube compressive strength, and the
following models are arrived based on the linear regression concept.
f split=0.56(fc)1/2
fflexural= 0.8(fc)1/2
Where
1

(R2=0.9909) ------Eq (1)
(R2=0.9993)-------Eq (2)
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fsplit= Split tensile strength (MPa); f flexural = Flexural strength (MPa); fc= Compressive strength (MPa)

The equations shown above are substitute with the corresponding cube compressive
strength. From the exhibit results, it came to know that the provided models are deviating with
a maximum value of 10%. Hence from the observations, it may conclude that the models can
be used to arrive at experimental results safely. The mictrostructural behaviour has been
explained with the help of SEM and EDAX.Duxan et al.6 reported that a Si / Al ratio of less
than 1.4 was reported to be responsible for the microscopic formation of dense particles
grouped with large interconnected pores, and a Si/Al ratio greater than 1.65 contributed to the
distributed homogeneity and porosity distributed in small pores. In the geopolymer mixture,
the strength is attributed primarily by the silica and aluminum gel. In the present study the
mixes 100% FA+0%MP and 75% FA+25%MP showing the Si/Al ratio above 1.65. The other
mixes are showing a ratio of less than 1.6. Hence this might be the reason for the decrease in
strength with increase in marble powder percentage in the tested geopolymer mixes.

100% FA+0%MP

75% FA+25%MP
Fig 1: SEM and EDAX images for different mixes
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1. INTRODUCTION & OBJECTIVE

Residually stressed cylinders exhibit several instability modes when they are inflated under
internal pressure. An important application of this analysis is its relation with aneurysms
formation such as abdominal aortic aneurysms (AAA) and its propagation in arterial wall
tissue. In the first part of the paper, we detail the constitutive framework based on the
modelling of residual stressed rubber-like materials. Specifically, we analyze the problem of
the combined extension and inflation of a circular cylindrical tube subject to radial and
circumferential residual stresses [3-8]. The derived model for applied pressure and axial force
is nonlinear and depends on a certain number of parameters (thickness, residual strength,
azimuthal and axial stretch etc.).
In the second part of the paper, we use the Global sensitivity analysis (i.e. Sobol’ indices),
that provides a direct way of assessing the relative contribution to the overall uncertainty from
each input parameter [1, 2], in conjunction with the so-called Morris method in order to
identify the representativeness of the parameters of the system. Through the exploitation of a
simple sensitivity analysis, it is possible to determine the more representative parameters of
the system under the application of uniform pressure and axial force such as the thickness of
the tube or axial and azimuthal stretch.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Our motivation in this investigation is to gain confidence with respect to the model output for
uncertainty in input factors using sensitivity analysis. The chosen output quantity of interest is
pressure P and axial Force F. The workflow in our sensitivity analysis can be separated into
four steps:
1. Determine the model inputs factors and their sampling ranges
2. Generate the parameter matrix based on the given condition of each parameter
3. Estimate the model output based on the series of generated parameters
4. Compute the sensitivity measures by combining the parameter sets and the corresponding
model outputs
For the sensitivity analysis, we have considered the set of parameters that follow a uniform
distribution with min. and max. value given in Tab. 1.
Table 1. Distribution of the residual stress parameters
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Based on the workflow detailed above, it is found that the statistical tools are able to find the
influential factors. It is interesting to note that the most important factor based on total sobol
index (ST) is
and
for axial force and applied pressure. From the current analysis, we
also found out that the sensitivity based on Sobol analysis follows same order as Morris
analysis (See Fig. 1 & 2). Further research activities will comprise the application of the
proposed sensitivity approach to the constitutive models of arteries that include several
material parameters, which are of great interest in different engineering applications.

Fig.1 Morris plot indicating the sensitivity of input paramerters on axial force (left) and Bar plots showing the Sobol indices of
each input parameter on axial force (right)

Fig.2 Morris plot indicating the sensitivity of input paramerters on pressure (left) and Bar plots showing the Sobol indices of each
input parameter on pressure (right)
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1. INTRODUCTION & OBJECTIVE
The application of carbon nanotubes (CNTs) has gained enormous popularity over the decades in aerospace,
civil, mechanical, and naval industries. It has been found that its use increases the strength-weight and stiffnessweight ratios of the plate. The use of CNTs with polymer epoxy to make functionally graded CNT-reinforced
composite plate and its analysis shows that its buckling load carrying capacity increases [1]. Free vibration
analysis of CNT plates and shells was analyzed by Tornabene et al. [2] using GDQ and the effect of CNT
agglomeration on structural response was discussed.
The aim of this paper is to study the dynamic instability of a randomly distributed CNT reinforced
composite (CNTRC) plate under the action of non-uniform in-plane loading. The composite plate is model using
higher-order shear deformation theory (HSDT). Airy’s stress method is used to calculate the stress distribution
within the plate due to non-uniform loading. Using Galerkin method, the partial differential equations are
transformed into a set of ordinary differential (Mathieu type) equations and then Bolotin’s method is employed to
trace the boundaries of instability corresponding to period 2T. The results obtained from the current work will
help in appropriate design of the CNTRC plate against dynamic instability.

Fig. 1. Schematic view of non-uniform in-plane periodic loading at the mid-plane of the isotropic plate.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Following material properties is consider for the study. The young’s modulus (Eep) is 200GPa, Poisson’s ratio
(μep) is 0.34, Mass density (ρep) is 1150 kg/m3 for matrix and for single-walled carbon nanotube (SWCNT) with
chiral indices (n0=m0=10) having Hill’s Elastic moduli as 𝑘𝐶𝑁𝑇=271 GPa, 𝑙𝐶𝑁𝑇=88 GPa, 𝑚𝐶𝑁𝑇 =17 GPa,
𝑛𝐶𝑁𝑇=1089 GPa, 𝑝𝐶𝑁𝑇=442 GPa, 𝜌𝑟 =1400 Kg/m3 [2]. In this section, different types of non-uniform in-plane
edge loadings such as parabolic, partial edge, concentrated loading is considered along with uniform loading for
evaluating the buckling load and instability boundaries of the CNTRC plate.
To ensure the accuracy and effectiveness of the present model, the results obtained from the present analysis is
matched with the published data by different authors in Table 1. Here, a simply supported isotropic plate is
subjected to uniform as well as parabolic loading to calculate the buckling load at different aspect ratios with
effective properties of plate as E11=E22, G23=G13=G12=E22/2.5, n12=0.25. The dimensionless buckling
load ( 𝑘𝑖𝑠𝑜 =

𝜆𝑐𝑟 𝑏 2
𝜋2 𝐷

;𝐷 =

𝐸1 ℎ3

12(1−𝜇2 )

) in Table 1 is well matched with the published articles and with the

commercially available software ABAQUS.

Indian Institute of Technology Kharagpur

1|P a g e

Solid Mechanics (SM)

Table 1. Buckling load coefficient (kiso) of SSSS isotropic plate (b/h=100) for different aspect ratios.
Dimensionless buckling coefficient (kiso)
Types of in-plane
Aspect ratio
Ramachandra and
Others
loading
(a/b)
Present Solution
ABAQUS
panda [5]
0.5
6.23
6.37
6.25
6.25 [3]
Uniform loading
1
3.99
3.99
3.99
4.00 [3]
0.5
7.29
7.48
7.27
7.27 [4]
Parabolic Loading
1
5.24
5.24
5.24
5.24 [4]
Again, to validate the Eshelby-Mori-Tanaka formulation for transversely isotropic CNT embedded in the matrix,
the effective material properties from current work and along with the work of Shi et al. [6] are reported in Fig.
2. The Fig.3 represents the dynamic instability zone of the CNTRC plate under different CNT mass fraction ( wr)
for a SSSS boundary condition (a/b=1, b/h=50, α=β=1, μ=0). Where α and β are CNT inclusion parameters and
μ is static load factor. At dynamic load factor (𝜂) = 0.8, the instability zone widths for different CNT mass ratios
i.e., wr= 0, 0.1, 0.2, 0.3 and 0.4 are 8.66ℎ√𝐸𝑒𝑝/𝜌𝑒𝑝, 3.06ℎ√𝐸𝑒𝑝/𝜌𝑒𝑝, 2.12ℎ√𝐸𝑒𝑝/𝜌𝑒𝑝, 1.65ℎ√𝐸𝑒𝑝/𝜌𝑒𝑝 and
1.35ℎ√𝐸𝑒𝑝/𝜌𝑒𝑝 respectively which resemble the reducing width pattern.
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Fig. 2. Effect of mass fraction of CNT (wr) on the
effective elastic modulus of CNT embedded matrix
assuming CNT distribution as transversely isotropic
when (a) β=1.
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Fig. 3. Effect of CNT mass ratio (wr) on principal
instability zone of a simply supported CNTFRC plate
under in-plane partial edge loading (a/b = 1, b/h = 50,
α = β = 1, μ = 0).
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ABSTRACT
In furnishing a near-complete solution to a practical problem, hybrid-methods (HMs)
incorporating various combinations of experiments and theory have proved to be a versatile
technique. On a similar line, an HM —amalgamating FEA and a theoretical method of solution—
is proposed and explored within the scope of linearized elasticity. Using the expressions for
resultant boundary-loadings and displacements, expressed in terms of Kolosov-Muskhelishvili
(KM) potentials, the HM employs the total-displacement data obtained from coarse-mesh FEA
on a part of the boundary to determine the unknown constants in the KM potentials. von Mises
stresses evaluated from the KM potentials are compared with fine-mesh FEA simulations to
present the efficacy of the proposed method.
1. INTRODUCTION
The HMs leverage the advantages of the individual methods to offer an expeditious course for a
solution. While HMs coupling experiments and theory have been explored, HMs coupling
simulations and theory are less explored. Louhghalam et al. [1] coupled conformal-mapping
technique with FEA to estimate SCF in a perforated plate under lateral loadings. Here, a HM
coupling FEA with a theoretical method of solution —formulated using a complex-variable
theory— is proposed and explored in the context of stress analysis of an annular ring subjected to
uniform pressure over two symmetric segments on the outer boundary.
2. HYBRID METHOD:AN OUTLINE
The field variables in elastostatics can be expressed in terms of two Kolosov-Muskhelishvili
(KM) potentials and their derivatives [2]. In particular, KM potentials can be expressed as a
Laurent series [3] involving undetermined constants. To determine these constants, the resultant
boundary-loadings computed from the prescribed tractions and the total-displacement data —
retrieved from coarse-mesh FEA— together furnish a set of linear algebraic equations which are
solved using the least-squares technique. Employing the determined KM potential constants, the
field variables are evaluated.
The expressions for resultant boundary loading, displacements and the KM potentials,
employed in the present work, are given by Equations 1 to 3, respectively.
𝐹𝑥 + 𝑖 𝐹𝑦 = −𝑖 𝛾 𝑧 + 𝑧 𝛾′ 𝑧 + 𝜓 z
1

+ an arbitrary constant
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𝛾 𝑧 =

2𝜇 𝑢𝑥 + 𝑖 𝑢𝑦 = 𝜅 𝛾 𝑧 − 𝑧 𝛾′ 𝑧 − 𝜓 z + an arbitrary constant

∞
𝑛=0,2,4,6,… 

𝐾𝑛 𝑧

𝑛+1

+ 𝐹𝑛 𝑧 − 𝑛+1

and 𝜓 z =

∞
𝑛=0,2,4,6,… 

𝐿𝑛 𝑧 (𝑛+1) + 𝐻𝑛 𝑧 −(𝑛+1)

(2)
(3)

3. RESULTS, CONCLUSION AND DISCUSSION
The method is illustrated for a loading and a geometric domain shown in the Figure 1(a).
Undertaking a parametric study for inner-to-outer-radii ratios 𝑟𝑖 𝑟𝑜 of 0.9 and 0.8, von Mises
stress for each case is evaluated and compared with a corresponding fine-mesh FE simulation.
The fine-mesh FE results showing a convergence with mesh details include 1,19,441-nodes and
39,296-elements for Case-1 𝑟𝑖 𝑟𝑜 = 0.9 , and 1,02,513-nodes and 33,792-elements for Case-2
𝑟𝑖 𝑟𝑜 = 0.8 , respectively. Figure 1 depicts the contour plots obtained by the HM and a finemesh FE simulation for 𝑟𝑖 𝑟𝑜 = 0.9. Similarly, Figure 2 presents contour plots obtained by the
HM and a fine-mesh FE simulation for 𝑟𝑖 𝑟𝑜 = 0.8. For both cases, the correspondence between
the two methods is good.
The HM, thus, lends as a mesh-reduction technique leading to reduced computational time.

Figure 1. (a) A schematic of the geometry and the loading configuration (𝑟𝑜 = 1 m , 𝑟𝑖 = 0.9 m and 0.8 m , 𝑃 = 103 N/
m2 , 𝛽 = 100 , 𝐸 = 210 GPa and 𝜈 = 0.3 ) (b) von Mises stress by the HM for a quarter-model, Case 1 𝑟𝑖 𝑟𝑜 = 0.9 (c)
a fine-mesh FEM for a quarter-model, Case 1 𝑟𝑖 𝑟𝑜 = 0.9 .

Figure 2. von Mises stress: Hybrid method (left figure) and fine-mesh FEM (right figure) for Case 2 𝑟𝑖 𝑟𝑜 = 0.8

REFERENCES

1. Louhghalam, A., Igusa, T., Park, C., Choi, S., & Kim, K. (2011). Analysis of stress concentrations in plates
with rectangular openings by a combined conformal mapping–finite element approach. International Journal
of Solids and Structures, 48(13), 1991-2004.
2. Timoshenko, S. P., & Goodier, J. N. 1970, Theory of Elasticity, McGraw-Hill, New York.
3. Isida, M.; Igawa, H. (1991). Analysis of a zig-zag array of circular holes in an infinite solid under
uniaxial tension. International journal of solids and structures, 27(7), 849-864.
Indian Institute of Technology Kharagpur

2|P a g e

st

1 Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/SM-20-015

Post-buckling analysis of FG columns based on weak finite
element formulation
N. V. Swamy Naidu1 and R. Suresh Kumar1*
1

Department of Mechanical Engineering, National Institute of Technology Raipur, Chhattisgarh, India.
*
Corresponding Author: rskumar.me@nitrr.ac.in

1. INTRODUCTION & OBJECTIVE

Functionally graded materials (FGM) due to their tailor-made properties find their
application in aerospace, automobile and marine sectors. Structural member when subjected
to axial compressive load deforms in the transverse direction which reaches a large value
known as buckling when the load becomes critical. The buckling deformation is non-linear
and takes place in a very short time and is called as post-buckling. Hence, the post-buckling
behavior of members subjected to axial compressive loads is an important area of study. The
elastic stability of isotropic and homogeneous structures are thoroughly studied by
Timoshenko and Gere [1]. Very few works have been reported on the buckling behavior
FG columns [2-4]. The review of literatures suggests that post-buckling behavior of FG
columns with through the radial direction gradation of ‘n’ sided polygon cross-section has
not yet been reported which provides the scope for further work. The polygon cross section
metal columns find their application in high-mast poles and stadium light poles and hence
the tall chimneys of power plant may soon adopt to polygon cross section and hence FG
polygon cross section are an important consideration. The present work is devoted on
detailed study of the post-buckling behavior of FG columns with through the radius material
gradation.
GALERKIN FINITE ELEMENT (FE) FORMULATION
Figure 1 shows the geometry of FG hollow column fixed at the base and free at the upper
end. The load ‘P’ considered larger than the critical value results in large deflections in the
column. The exact differential equation of the deflection curve is [1]
EI

dθ
ds

+ Py = 0

Differentiating Eq. (1) with respect to s and using the relation

Where 𝜃 ′′ =

𝑑2 𝜃
𝑑𝜉 2

𝑠

𝐸𝐼

2

𝑑 𝜃
+ 𝑃𝑠𝑖𝑛 𝜃 = 0
𝑑𝑠 2

𝑑𝑦
𝑑𝑠

= sin 𝜃

, where 𝜉 = 𝐿 with ξ = 0 at free end and ξ = 1 at the fixed end
𝜃 ′′ + λ f f1 𝜃 = 0

(1)
(2)
(3)

The cross section of the FG column is considered as generalized polygon shown in figure 2
whose moment of inertia is given by Eq. (4) while the material property (E) variation along
the radial direction of the FG column [5] is given by Eq. (5)
𝜋
π
𝑟 cos( )⁄cos 𝜙
𝑛
𝑛 2

𝐼=𝑛 ∫

∫

0 𝑟 cos(𝜋)⁄cos 𝜙
1
𝑛

𝑟 3 𝑑𝑟 𝑑𝜙 − − − (4) ,

𝑟 − 𝑟1 𝑚
) (𝐸𝑟2 − 𝐸𝑟1 ) − − − (5)
𝐸 = 𝐸(𝑟) = 𝐸𝑟1 + (
𝑟2 − 𝑟1

Where r1 and r2 are internal and external radius of the cross section. Equation (3) is solved
using Galerkin’s method following cubic displacement polynomial assumed over each
element and the governing equation in matrix (stiffness matrix and nonlinear geometric
stiffness matrix) form for post-buckling problem is derived.
RESULTS AND DISCUSSION
In order to validate the accuracy of the present FE model, a uniform FG circular column of
isotropic material rich (m = 0) is considered. Table 1 shows the results of ratio of nonlinear
buckling to linear (critical) buckling (λ/λcr), xa/L and ya/L at various end rotations (β) for 8
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elements. 8 element results are converged and good agreement with closed form solution for
tip load at free end [1]. Similarly Table 2 shows the results of UDL and UVL, and critical
buckling load values are compared with the literature and are found to be accurate [6].

Fig. 1: FG Column with fixed bottom and free
top end

Fig. 2: Cross-section of the FG column

Table 1. λcr and tip deflection of FG column subjected to a concentrated tip load
β
λ/λcr
0
1
20
1.0154
60
1.1517
100
1.5184
140
2.5423
160
4.0302
176
9.0298
λcr = 2.4674 [Present FE]

λ/λcr* [1]
1
1.015
1.152
1.518
2.542
4.029
9.116

xa/L
1
0.9697
0.7410
0.3490
-0.1069
-0.3403
-0.5779
λcr = 2.4674*

xa/L*
ya/L
ya/L*
1
0
0
0.970
0.2194
0.220
0.741
0.5932
0.593
0.349
0.7915
0.792
-0.107
0.7504
0.750
-0.340
0.6246
0.625
-0.577
0.4205
0.421
*
Timoshenko and Gere [1]

Table 2. λcr and tip deflection of FG cantilever column subjected to a uniformly distributed axial load (UDL)
and uniformly varying axial load (UVL)
Load
UDL
UVL
β
λ/λcr
xa/L
ya/L
λ/λcr
xa/L
ya/L
0
1
1
0
1
1
0
20
1.0030
0.9633
0.2472
1.0023
0.9591
0.2650
60
1.0291
0.6882
0.6581
1.0215
0.6539
0.6985
100
1.0921
0.2279
0.8461
1.0666
0.1518
0.8769
140
1.2326
-0.2763
0.7392
1.1610
-0.3762
0.7268
160
1.3811
-0.5081
0.5657
1.2542
-0.6019
0.5259
176
1.6574
-0.7089
0.3295
1.4196
-0.7770
0.2758
7.8373 - present FE
16.1010 - present FE]
λcr
7.8373* - Rao and Raju [6]
16.1010* -Rao and Raju [6]
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1. INTRODUCTION & OBJECTIVE

Plates are generally used in the aerospace, civil, mechanical, and marine structures. A cut-out
is introduced in the plate to provide passage and also to reduce mass.
Literature review of the laminated plate is vast. Here some literature reviews are presented
which are related to my present work. Boay (1) has studied the free vibration analysis of
rectangular isotropic plates carrying a concentrated mass using a multi-term trigonometric
series function. He has used the Rayleigh-Ritz energy method in his formulation. He has
presented a non-dimensional frequency for different positions of the applied mass. Wong (2)
has examined the effect of distributed mass loading on plate vibration behavior using the
Rayleigh-Ritz method. He examined the vibration analysis of a simply supported plate
carrying distributed mass and also presented the effect in non-dimensional frequency due to
the size and location of the distributed mass. Vibration characteristics of a cantilever plate
with the attached spring-mass system is examined by Chiba and Sugimoto (3) using a
Rayleigh-Ritz method. Ciancio et al. (4) have studied approximate study of the free vibrations
of an anisotropic cantilever plate carrying a concentrated mass using the classical Ritz
method. They have presented the variation of non-dimensional frequency for different aspect
ratios and mass ratio.
From the literature review, it is clear that there are many papers on free vibration analysis of
laminated cut-out plate but a few papers on free vibration analysis of plate carrying distributed
and concentrated mass. So, this paper is presented with a few interesting plate dimensions
with carrying distributed mass and concentrated mass.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The finite element formulation is written on FORTRAN language. Non-dimensional
frequency parameter is considered as 𝜆 =

𝜔𝑎2
ℎ

𝜌

√𝐸 where a= length of the plate, h= thickness
2

of the plate, ρ= density of the material, and 𝐸2 = young’s modulus in the transverse direction.
Material properties are considered as 𝐸1 = 40𝐸2 , 𝐺23 = 0.5𝐸2 , 𝐺13 = 𝐺12 = 0.6𝐸2 , 𝜇12 =
0.25. In this paper,Mindlin’s first-order shear deformation theory (FSDT) is used to describe
the displacement field. The finite element formulation is used to formulate the free vibration
problem. Free vibration analysis of square cut-out plates carrying distributed mass in different
1
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boundary conditions and for different mass ratios (applied mass/ mass of the plate) are
reported.
2.1. Square cut-out composite plate carrying distributed mass.
A two layers square (a/b=1.0) cross-ply laminate of thickness ratio (h/b) of 0.01 and a fiber
angle orientation of (45/-45) is analysed. A cut-out dimension of (0.4a x 0.4a) is considered,
as shown in Figures in Table 1. A uniformly distributed mass is applied over the plate. The
non-dimensional frequency for different mass ratios (Applied mass / Mass of the plate) in
different boundary conditions presented in Table 1. From Table 1, it is clear that nondimensional frequency increases with the decrease in mass ratio.
Table 1: Non-dimensional frequency of laminated composite square cut-out plate carrying distributed mass.
Boundary
condition

CCCC

SSSS

Modes numbers
Mass ratio
1

2

3

4

5

6

1.0

16.255

31.410

37.156

51.108

51.416

65.846

0.75

17.273

33.382

39.515

54.343

54.689

69.953

0.5

18.510

35.780

42.389

58.281

58.677

74.940

1.0

11.223

22.271

28.100

40.901

40.975

52.642

0.75

11.921

23.663

29.872

43.483

43.553

55.921

0.5

12.769

25.352

32.027

46.622

46.688

59.901
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1. INTRODUCTION & OBJECTIVE

Recent devastating storms, like Am-Phan, Fani, Bulbul, Aila in India instigate a scope to recheck the available wind analysis tools for design of structural and non-structural components.
It has been well-perceived now that due to strong non-stationarity of these random
pehnomena, neither the available deterministic IS code [1], nor the well-established frequency
domain analysis will be accurate to predict such wind fields [2]. Hence, in this study, a wind
field prediction model has been developed in time-domain, that considers randomness in
involved wind estimation parameters, gust coherence, wind directionality and non-stationarity
of mean wind. In fact, most of the components of this model have been previously established
in different studies. However, no single model is available in existing literarure, which
considers all the components in their best form. For example, in the present model,
randomness of wind estimation parameters is considered from [3], coherence from [4], and
non-stationarity of mean wind from [2]. Also, it has been observed that none of the existing
modulating functions hold good in entirety with practical result. Even the latest study on
different modulating functions [5] is not adequate to capture recorded wind speed timehistories. Though, there are approaches to estimate modulating function by back-calcualtion
from a given time-history [6], such parameter estimation approaches can not be resorted for
new wind fields, since these are applicable only for a particular storm from which the
parameters have been estimated. Thus, in the presnt study, a new set of modulating functions
has been developed, which is not dependent on storm-specific records. Rather, the proposed
model can predict the nature and wind velocity values of a storm based on wind climate of a
location. No other storm-specific time-history data is required. The developed model is also
computationally efficient and is applicable for India as well as for foreign countires. The
proposed model is never tried before and constitutes the novelty of this paper.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The accuracy of the proposed model has been validated by comparing its prediction with
practical storm data both from India and abroad. The results show excellent agreement of the
proposed model with the practical observations. Two such validations for wind velocity
during storms RFD and Derecho in USA are shown in Figs. 1 and 2, respectively. The
predicted evolutionary power spectral density (EPSDF) associated with Derecho showing
randomness is presented in Fig. 3. In Fig. 4, the predicted time-history for storm Amphan in
Kolkata city of India in May 20, 2020 is presented. The mean velocity, peak velocity and
average variation of the time-history are in good agreement with that observed by the
meterological department. However, since no recorded time-history is available, the actual
data is not shown in Fig. 4. Accuracy of the proposed model has been also observed for storms
Bulbul, Aila, Fani in India, which will be presented in full length paper. In general, it can be
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inferred that the proposed model is reasonably accurate and can be easily adopted for design
of structure under extreme wind. The model is a generic one, which does not depend on
specific storm-specific statistics. Hence, the authors are presently engaged in developing a
software based on this model for convenient usage by industrial community.

Fig 1:Time history of RFD at 15m Height (USA,2015)

Fig 3. Generated EPSDF of Derecho at 15m (USA.
2003)

Fig 2: Time history of Derecho at 15m Height (USA,
2003)

Fig. 4: A typical time-history during storm Am-phan,
India (2020)
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1. INTRODUCTION & OBJECTIVE

Multi-walled carbon nanotubes (MWCNTs) are well known for their extraordinary
mechanical, electrical, thermal and optical properties. Because of these excellent properties,
the technical and scientific communities are extensively working on investigations of their
properties for the last few decades. A CNT structure comprises of a graphite sheet wrapped
into a hollow cylinder. Typical schematic diagrams of MWCNT with three layers are shown
in Figures 1(a) and 1(b). Stone-Wales defect is one of the most important defects in CNT
structures that can be formed by turning C-C bond in the hexagonal ring by 90° that transform
four hexagons into pair of pentagons and heptagons as shown in Figure 2.
The aim of this work is to demonstrate the effect of Stone-wales (S-W) defect on Young’s
modulus and shear modulus of zigzag type MWCNTs. Three-dimensional finite element (FE)
analyses are being carried using Abaqus 6.14. The numbers of layer of MWCNTs are varied
from 2 to 8 to visualize its effect on elastic moduli. The interactions between adjacent layers
are governed by van der Waals force and are idealized as linear spring elements in present
study.

Figure 1. Schematic diagram of (a) three layers of zigzag MWCNT [(5,0), (14,0), (23,0)] and (b) inside view.

Figure 2. Stone-wales Defects on layer (23, 0) of zigzag MWCNT (other portions of MWCNT are not shown).
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The equivalent Young’s modulus and shear modulus versus number of CNT walls are shown
in Figures 3 (a) and (b), respectively. The Young’s modulus and shear modulus values with a
particular number of S-W defects (i.e. six defects in each MWCNT wall or layer) decrease
with increase of MWCNT layers. In Figures 3(a) and 3(b), notation N-2 stands for MWCNT
having two concentric layers and so on. The equivalent Young’s modulus values of MWCNTs
are in the range of 1.0165 TPa to 1.0284 TPa. The corresponding shear modulus values are
varied from 0.1738 TPa to 0.4146 TPa. Results are within a reasonable agreements with
previous studies [1-5]. This study is limited to 8 layers of MWCNTs and work can be
extended for MWCNT with more than 8 layers.

Figure 3. Equivalent (a) Young’s modulus and (b) shear modulus of MWCNTs.
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Abstract
In the present study, the submerged tension leg platform (STLP) combined with 8 heaving type point absorber wave
energy converters configuration is analyzed. The time domain simulation is performed for the combined platform
configuration using fully coupled aero-hydro-servo-elastic simulation. The analysis is performed to study the
responses of the configuration for different wind and wave load conditions. The responses considered for the study
includes the six degrees of motion along with tower base bending moment and shear force of the combined platform.
The study performed will provide an insight into the dynamic motions and structural integrity of the floating wind
and wave concept under different survival conditions which will help the designers to develop better design
standards.

1.

Introduction

The idea to utilize the renewable energy resources was a breakthrough since 1970s when the oil crisis struck
globally.Vicinanza et al. (2013) stated that ocean energy provides the cleanest, safest, inexhaustible and predictable
resources than the other listed resources. According to Carlos Perez-Callazo offshore wind energy has developed as
world’s major renewable energy sector in the last couple of decades as the installed capacity of Europe has grown up
to 15.8 GW at the end of year 2017 and has established a target of 460 GW of installed capacity by the end of the
year 2050. Hence it is clear that the wind energy will play a leading role in worlds future energy supply. Though
there is dominance for the wind power in the current energy scenario, the energy exploitation of waves is promising
because of its high resource availability and its huge potential for generation of electricity. Wave energy proves to
be more continuous and concentrated compared to the wind energy but is at a relatively immature state. In order to
enhance the power production and to reduce the platform motions Li et al. (2018) developed a concept combining
the three types of renewable energy systems. The study integrates an offshore floating wind turbine (OFWT), a wave
energy converter (WEC) and a tidal turbine. The performance of the combined system was studied in terms of
platform motions, power production and mooring line tension. The study was performed for below-rated, rated and
over-rated operational conditions of the wind turbine. The analysis concluded that the combined concept helped in
reducing the surge and pitch motions. The study also showed that the power production has been increased by 22-45
percent approximately on the environmental conditions.

2.

System Modeling

The submerged tension leg platform (STLP) combined with 8 heaving type point absorber wave energy converters is
studied. The STLP for an offshore wind turbine is proposed for moderate water depth of about 70-150m. The STLP
is self-stable in transportation and installation phase as it has relatively large water plane area. Also, it can be wettowed together with the wind turbine from the shore to the offshore site where it needs to be installed. As the
platform is submerged with small water plane area, it has improved hydrodynamic performance. The submerged
tension leg platform consists of submerged platform, 5 MW NREL wind turbine and four pairs of taunt mooring
lines. The platform is also provided with 8 point absorber type wave energy converters of cone – cylindrical shape
connected using horizontal braces to the top of center column so that the WECs can capture the maximum number
of waves coming on to the platform and also provide the sheltering to the platform. Figure 1 shows the arrangement
of wave energy converters around the STLP platform supporting 5MW wind turbine.
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Figure 1: Schematic representation of heaving point absorber type wave energy converters around STLP
The geometric modeling of the structures below the design water surface, i.e., the wetted surface of the structures is
carried out using Rhinoceros. The geometric data file (gdf) is obtained from Rhinoceros and the coordinates of the
submerged portion of the structure are obtained. Hydrodynamic analysis and coupled dynamic analysis for different
configurations of the platform is conducted for wind and wave condition. The Hydrodynamic analysis is conducted
using WAMIT considering only the wave conditions. The time domain analysis is performed for the combined
platform through a fully coupled aero-hydro-servo-elastic tool, FAST.

3.

Result and discussion

The responses obtained are plotted against time period to determine the performance off the structure in different
wind and wave conditions. The present study considered Submerged Tension Leg platform with 8 wave energy
converters connected to the center column acted upon by different wind and wave load conditions. The responses
calculated for the 20 s time period for is shown below in figure 2.
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Figure 2: (a) Surge, (b) Sway, RAO for STLP platform with 8 WEC for different load cases.
From the figure 2 it is seen that the responses of the proposed system tends to increase with increase in time period.
The heave motion is expected to be less as compared to surge and sway translation motions. It is also observed that
the responses of the platform tend to increase with the increase in wind speed and wave height. Yaw motion is
observed to be very high compared to other rotational motions.
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1. INTRODUCTION & OBJECTIVE

Size-dependent effects are significant for small-scale structures like nanobeams. Classical
continuum theories do not take into account size-dependent effects (Eltaher et al. [1]). The
nonlocal elasticity theory of Eringen [2] has brought to light the importance of size-dependent
effects with regard to small-scale structures. According to the Eringen’s theory, the stress at a
point in an elastic continuum, depends on strains at the point under consideration as well as on
strains at all other points in the continuum.
Effects of the transverse shear with regard to the beam deformation become prominent for
thick beams but remain insignificant for slender beams. In the literature, various first-order
(FSDTs) and higher-order shear deformation beam theories (HSDTs) are reported which try to
capture these effects of shear in the beam deformation (Ghugal and Shimpi [3]). FSDTs
assume a constant transverse shear strain through the beam thickness. On the other hand,
HSDTs assume more realistic non-linear variation of the transverse shear strain through the
beam thickness. HSDTs generally have more number of unknown functions and require
specification of more number of boundary conditions at each beam end vis-a-vis FSDTs.
To accurately predict the mechanical behaviour of shear deformable nanobeams, it is essential
to take into account size-dependent effects as well as beam transverse shear deformation
effects. In this paper, a newly-developed single variable new first-order shear deformation
nonlocal beam theory (SVNBT) by Pakhare et al. [4] is used for performing the static bending
response analysis of shear deformable isotropic rectangular nanobeams under the action of a
linearly varying distributed transverse load. The SVNBT is applicable for the static bending of
linear elastic isotropic nanobeams undergoing small deformations. In the SVNBT, nonlocal
differential stress-strain constitutive relations of Eringen are used so as to take into account
size-dependent effects. The governing differential equation of the SVNBT is obtained by
utilizing beam gross equilibrium equations. Unlike the nonlocal Timoshenko beam theory
(NTBT) which involves two unknown functions (Wang et al. [5]), the SVNBT involves only
one unknown function. Profiles of the non-dimensional beam transverse displacement for
various values of the nonlocal parameter of Eringen and beam thickness-to-length ratio for the
simply-supported, clamped, cantilever and propped-cantilever isotropic rectangular
nanobeams under the action of a linearly varying distributed transverse load are presented.
Effects of the nonlocal parameter and beam thickness-to-length ratio on the maximum nondimensional beam transverse displacement for above-mentioned cases of beams is presented.
1

Further author information: (Send correspondence to Kedar S. Pakhare)

E-mail: kedar188200@gmail.com, Telephone: 9867005668, Address: Ph. D. Research Scholar,
Department of Aerospace Engineering, Indian Institute of Technology Bombay, Mumbai 400076, India
Indian Institute of Technology Kharagpur

1|Page

Solid Mechanics (SM)

The governing equation of the SVNBT (Pakhare et al. [4]) is as follows:
4

EI

d wb
dx

4

2

+ K

d q
dx

2

− q = 0

(1)

With
2

h (1 +  ) d wb
2

w = wb −

6 ks

dx

2

Symbols in these expressions have same meaning as those of Shimpi et al. [6]. The symbol ks
represents a shear correction factor. For the beam applied by a linearly varying distributed
transverse load, q = (qo x) / L with qo as the amplitude of the applied load. In this paper, eq.
(1) is solved for beams with different combinations of end conditions so as to obtain the beam
transverse displacement w.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Table 1 gives the maximum non-dimensional beam transverse displacement obtained by the
SVNBT and corresponding results of the NTBT.
Table 1. The maximum non-dimensional transverse displacement of simply-supported nanobeam, K = 3, µ = 0.3

wmax = (100 wmax E I ) / ( qo L4 )
Theory

h / L = 0.01

h / L = 0.05

h / L = 0.10

h / L = 0.15

SVNBT $

0.842592

0.846558

0.858954

0.879621

TBT $ [5]

0.842592

0.846558

0.858954

0.879621

$

A shear correction factor of 5 / 6 is utilized.

The maximum non-dimensional beam transverse displacement obtained by the SVNBT and
NTBT are same (Table 1). Hence the static bending analysis of thick isotropic rectangular
nanobeams carried out by the SVNBT is reliable.
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1. INTRODUCTION & OBJECTIVE

During the past few decades, the smart materials have been extensively used in various
applications pertaining to actuator and sensor because of their ability to respond to mechanical
and electrical stimuli. The converse effect of piezoelectric material is utlizied for the actuation
purpose in application related to active vibration control. Malik and Ray (2004) presented
exact solutions for the static analysis of smart plateusing piezoelectric fiber reinforced
reinforced composite material as active layer. Although there was considerable amount of
research for finding actuator response, but the use of curvilinear fibers in substrate layers in
tailoring the overall response of the actuator has not been explored yet.
In the present paper, tailoring of actuator response is being explored by using curvilinear fiber
composite laminates substrate layer. An eightnoded isoparametric element is considered for
the FE analysis of smart plate.

Fig 1: Schematic diagram of VSCL plate with PFRC layerat the top

Fig 2: Top view of substrate layer reienforced with curvilinear fiber

Variation of curvilinear fiber angle in a 𝑘 𝑡ℎ layer is considered as a function of length coordinate as,
𝜃𝑘 (𝑥) = 2(𝑇1 − 𝑇0 )

|𝑥|
𝑎

+ 𝑇0
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Table 1. Maximum transverse deflection of VSCLsymmetric square substrates (< 30,0 >, < 45,90 >, <
30,0 >) under uniformly distributed mechanical load with and without spatially applied uniformly distributed
voltage to the PFRC layer (SS1 boundary condition)

Maximum non-dimensional Transverse deflection

a/h

V=0 volt

V=100 volt

V=-100 volt

10

-1.0138

179.18

-181.21

20

-.7733

45.139

-46.686

100

-.6781

1.290

-2.4853

Actuator response of VSCL substrate layer with PFRC layer are presented in Table 1. It is
found that, as the thickness ratio of plate increases , the maximum non-dimensional transverse
deflection decreases. For a particular thickness ratio, if voltage on PFRC layer increases, the
maximum non-dimensional transverse deflection also increases.
In conclusion it is found that by considering the curvilinear fiber based composite as substrate
layer, a considerable amount of actuation capability can be altered compared to straight fiber
substrate layer. Alteration of actuation capability can be useful in active vibration control
problem.
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1. INTRODUCTION & OBJECTIVE

A glider or a sailplane is an aircraft which is mainly designed for flying short distances as
compared to any commercial jetliner or a military jet. The main parameter that should be kept in
mind while designing an unpowered glider for its better performance is its glide ratio. Gliders
benefit from producing the least drag for any given amount of lift, and this is best achieved
with long, thin wings with high aspect ratio, a fully faired narrow cockpit and a slender fuselage.
As there is no engine in a glider, it has no capability to produce the forward thrust needed to
maintain its velocity. It uses the simple concept of converting its potential energy to kinetic
energy. There are three main environmental phenomena which a glider pilot should be aware of
to achieve a better performance of the glider. They are thermal currents, ridge lift and wave lift.
The objective of the work is to create a model of the external structure of a glider’s wing using
already available empirical and mathematical formulations [1] and then analyze it in a simulation
software. The aerodynamic analysis is done to calculate the pressure [2] over the wing surface at
the designed velocity and angle of attack. The internal structure of the wing along with the wing
skin is developed. This includes the number of spars and ribs. The proper thickness of spar web
and ribs are assumed. The Aluminum alloy is selected as the material. The pressure loading is
imported form the aerodynamic analysis platform to a structural analysis platform for checking
the deformation and stresses developed in different structural components of the wing.
The scope of this work is limited upto the theoretical validation of the numerical results. No
approach has been taken to manufacture the model and test it in a wind tunnel experiment, to get
experimental results and compare it with the theoretical ones. Proper validation has been done on
a general airfoil [3] and rectangular plate [4] to check whether the values from theoretical
approach are comparable with the numerical simulation results.
Table 1. Initial Specifications taken for Preliminary and Conceptual Design of the Glider
Number of crew

Crew Weight

Assumed Total Weight

Glide Ratio

g limits

Initial C L Max

1

80 Kg

250 Kg

35:1

-2 to 8

1.2

Table 2. Initial Parameters assumed for exterior modelling of the Glider Wing
λ ( Taper ratio )

A ( Aspect ratio )

Leading edge sweep

Dihedral

Root Incidence

Tip Incidence

0.45

22.5

5°

2°

1°

-1.5°

Airfoil Section: WORTMANN S-02-0196 [5]
Table 3. Velocity for different lofting periods in Kmph
Cruise Speed

Maximum Speed

Stall Speed

Maximum Landing Speed

Instant Turning Speed

160

180

60

100

160
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2. DESIGN AND MODELLING
The first step is the conceptual design. Depending on the requirements of the glider, an initial
weight estimation is done. Next comes the preliminary design. Depending on the lofting, wing
loading is calculated and weight resizing is done. The wing surface area is calculated and the
geometrical dimensioning of the wing is done with specified formulas to create the model for
further numerical simulations.
Table 4. Software Tool Requirements
Modelling

Aerodynamic Analysis

Structural Analysis

CATIA V5 R20

ANSYS FLUENT 16.0 [6]

ANSYS MECHANICAL 16.0 [6]

Figure 1. Wing Structural Model

3. DISCUSSION
The design is actually an iterative process. After the first simulation is completed, depending on
the permissible values for the stresses and deformations, the model should be refined. The
number of spars can be increased if required. The velocity streamline plots are checked to get an
idea whether the wing is producing proper lift. Every time the weight of the model should be
calculated accurately. A designer should be aware that even a small reduction in weight for the
aircraft will give a better economic product not compromising the safety requirements. The
structural optimization is the next step that follows after the detail design.
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3. J. D. Anderson, Fundamentals of Aerodynamics, Second Editon, McGraw-Hill Series in Aeronautical and
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1. INTRODUCTION & OBJECTIVE

Structural health monitoring using dynamic characteristics of structures is frequently used
for damage detection in structural systems. Significant research have been conducted in
damage detection using dynamic-based techniques. The acceptability of vibration based
damage identification is very high across the globe. Vibration based damage detection is
based on dynamic properties of a structure such as modal parameters i.e., natural
frequencies and mode shapes and uses typical acceleration measurements to record
structural responses which are global in nature. Hence, for local phenomenon this vibration
based damage detection technique has to face a certain level of uncertainty. For a gigantic
structure where the local point sensors like accelerometer, velocimeter etc. are used, the
SHM may face challenges. Moreover, it has been observed that the dynamic properties
change with time varying environmental conditions.
The present paper presents a new approach towards damage detection in beam structures
based on static parameters using the Standard Particle Swarm Optimisation Technique. In
a recent researches, it has been reported that for low degree of damage due to the effect of
environmental conditions such as temperature, the precision of localization of damage
using vibration based damage detection technique is low. The present paper enlightens a
new approach towards the damage detection technique for the long-term SHM using
physical properties of a structure such as static strain and displacement.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The damage detection algorithm is applied on different type of beam structures using code
in MATLAB software to study:
The robustness of the methodology;
ii) The rate of convergence of the results for different damage locations;
iii) The accuracy of the algorithm used and
iv) The degree of precision for detecting amount of damage as well as damage location for
low value of localised/distributed damage as well as high value of localised/distributed
damage.
For different types of beam structures, a numerical study is conducted using the damage
detection algorithm to check the robustness of the algorithm. The results of the study show
the applicability of the algorithm on different kind of beam structures and the
characteristics of the convergence pattern for the best solution in all the cases, Table 1. But
in the case of fixed beam structure a slightly less success rate. From Figure 1, it is clear
that, for all the beam structures, the mean objective function converges in the same manner
1
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for all the cases, where mean objective function value is the mean of the objective function
values computed from each successful simulation of the algorithm, Table 1. To ensure a
greater degree of precision in damage detection using the SPSO(gbest) algorithm, a
graphical representation is presented in Figure 2 where the experimented strain data of the
damaged structure and computed strain data by the damage detection algorithm is
compared. It is clear from the best objective function value from Table 1, the damage
detection results are very precise and accurate.
Table 1 Success rate in damage identification for beams with varying boundary conditions
Type of beam

Best objective function
value

Mean objective function
value

Success rate

Cantilever

2.45e-11

6.36e-7

16/20

Simply supported

7.06e-11

1.06e-10

16/20

Propped cantilever

7.27e-11

1.18e-10

16/20

Fixed

2.91e-12

5.23e-6

14/20

.

Figure 1 Convergence pattern in the mean objective function value

Figure 2 Comparison in measured strain and strain obtained from damge beam using PSO
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1. INTRODUCTION & OBJECTIVE

Composite laminates are comes under the category of thin walled structures mainly used in
aerospace, ship and transportation vehicles. In many situation these maerials subjected to
thermal loads resulting thermal buckling. One important application of this phenomenon is in
aerospace engineering, where solar radiation and the effects of thermal boundary conditions
may cause thermal buckling. The thermal loads not only affect the buckling characteristics but
also affect the vibration characteristics of composite laminates. Further, in many situations
cut-outs are introduced within the plates inorder to facilitate easy access to various parts of the
engineering systems, to inspect damage and to reduce weight. These types of plates are prone
to buckle at lesser thermal stresses and leading to premature failure. Hence, therefore the
investigation on thermal buckling along with vibrational behaviour of plates with cut-outs is
necessary in order to achieve efficient and effective design.
The stress distribution within the plate is uniform when the unperforated plate subjected to
uniform temperature load, under such condition the solution to the problem is simpler. But,
the solution to the problem is difficult when cutout is induced within the plate. Hence, two
types of boundary conditions are introduced in this work. The first type boundary condition is
used to find out prebuckling stresses and the second type of boundary condition is used to find
buckling loads.
In this investigation, the effect of temperature on vibration and buckling of laminated
composite perforated panels are investigated. A quadratic isoparametric nine-noded heterosis
element is used in the present analysis. First order shear deformation theory is used in the
present finite element formulation for vibration and buckling analysis of panels subjected to
thermal loading. In the Finite Element formulation for both linear/ non-linear strains, GreenLagrange’s strain displacement equations are used to derive an elastic stiffness matrix and
geometric stiffness matrix respectively. A MATLAB program is established to execute all the
1
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essential calculations. In the present work, a selective integration technique is embraced to
avoid probable shear locking. The element elastic stiffness matrix is achieved by
implementing 3 x 3 Gauss rule for both membrane as well as bending terms and 2 x 2 Gauss
law for shear terms. A program is developed using MATLAB for parametric study on the
buckling of perforated panels under thermal field.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In present study, thermal vibration and buckling analysis is performed on the plate made of
composite material with a centrally placed circular cutout using the finite element method.
The effects of the cutout size, number of layers, thickness and boundry condition on vibration
and buckling of laminated composite cutout panels subjected to thermal loading are
considered. The results presented show the reduction in buckling load and frequency of
laminated composite panels with the increase in temperature.
Furthermore, a parametrical study is also conducted to investigate the effect of the
anisotropy of composite materials on the critical buckling temperature of laminated plates.
The study show that the critical buckling temperature generally decreases with the increasing
of the modulus ratio E1/E2 and thermal expansion ratio αT/αL . The cutout size, boundary
conditions and the orientation angles significantly affect the critical buckling temperature and
vibrational behaviour of laminated plates.
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1. INTRODUCTION & OBJECTIVE
Stainless steel construction industry are becoming very popular in this modern world due to its attractive properties viz.,
high corrosion resistance, high strength, aesthetic appearances, higher ductility, smooth surface. Stainles steel generally
exist in three groups of austenitic, ferrite and duplex with the variation of percentage of nickel, which formed the main
leading price component of steel. With the introduction of Lean Duplex Stainless Steel (LDSS), a variant of duplex,
having nickel content of ~1.5%, it becomes a promising stainless steel variety as it gives lower cost of steel. Many
researchers have studied on various LDSS tubular section viz., circular [1]; square [2], oval [3] hollow sections. Due to
aesthetic and variational properties along the cross-section, researchers have taken unique cross-sections like oval hollow
section [3]; elliptical [4]. The presence of perforation in structural members becomes inevitable as it is necessary for
inspection, piping, wiring etc. As per literatures, only Umbarkar et al., [5] is known to have studied for the effect on
LDSS circular hollow stub columns with circular perforation using FE analysis. In the present study, a flat oval section
stub column has been taken into account to compare the strength of flat oval unperforated hollow section and the section
with single square perforation along the mid flat and curve face at mid height of column using the Finite element
software (Abaqus).

2. FINITE ELEMENT MODELLING
A parametric study on fixed ended single square perforated flat oval stub column has been carried out by varying the
ls=50-300 mm (perforation sizes) and position of perforation along the curve and flat section thereby keeping w=300mm
(width between flat elements), r=150mm(curvature radius), lf =300mm(flat length), h=900mm(height) constant in Fig.1.
The FE meshing is shown in Fig. 2. The typical boundary condition is shown in Fig.3, where the bottom part is fixed
while allowing only the top loaded part to vertical translation. The column is loaded axially at the centre of the crosssection. The material property of LDSS material given in Table 1 have been used following the suggestions given by
Gardner and Ashraf [6]. The validation of the FE modelling approach has been done by comparing FE with the
experimental results of unperforated LDSS (Grade EN 1.4162) square hollow column (specimen 80x80x4-SC2 details
given in Table 2) provided by Theofanous and Gardner [2] as shown in Fig. 4.

3. COMPARISON OF UNPERFORATED AND PERFORATED STUB COLUMN
A slender section of thickness, t =5mm (slender, w/t≥ 40) as per ASDM [7] has been considered. The buckling strength
of column for unperforated and perforated column with different perforation sizes has been shown in Fig. 5.

4. CONCLUSION
Based on the paramtric study of slender flat oval stub column, it has been concluded that the presence of perforation
reduces the strength of column from the unperforated column. The strength of column reduces along with the increased
in sizes of perforation for curve element but for the perforation at flat element, the strength variation is very small until
the perforation size exceed the ineffective portion of the flat element. The reduction in strength of column is more incase
of the perforation located at curve portion as compared to flat portion.
Table 1. Compressive flat material properties [2]

Table 2. Square stub column dimensions [2] for validation
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Fig. 1. Flat oval hollow section.

Fig. 2. FE mesh
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1. INTRODUCTION & OBJECTIVE

The concept of Isogeometric Analysis (IGA) was introduced by Hughes et al.1 in 2005,
which aims at bridging the gap between Computer-Aided Design (CAD) and Finite Element
Analysis (FEA). The choice of interpolations functions is the key differentiating factor
between IGA and FEA. The usage of spline functions as interpolation functions in IGA has
come out to be advantageous from an analysis point of view. The main benefits of using IGA
approach over FEA are (i) the availability of exact geometry representations; (ii) usercontrollable smoothness and continuity of basis functions, and (iii) in general higher accuracy
per degree of freedom. However, the construction of fully NURBS discretized trivariate
geometries imported from the CAD modelling software is yet to fully explored for
Isogeometric Analysis.
Although, as of now, many research efforts have been devoted to the development of a full
proof pre-processing tool for IGA, the existing attempts are somewhat scattered. The preprocessing task in IGA can be categorized into three primary modules2; (1) model repairing,
(2) model completion and (3) model quality. As model repairing and model quality modules
are quite similar to FEM pre-processing steps, they have gained much pace in terms of the
development of tools and libraries. However, the lack of understanding of trivariate systems
led to fewer efforts in the upbringing of the model completion module.
Hence, in this paper, an easy to use and robust model completion technique based on
discrete Coons Method for Volume is adopted for volume construction3. In the presented
module, trivariate volumetric models can be automatically generated from a given sixsurfaced Boundary-represented (B-Rep) geometries constructed in Rhinoceros® for IGA. As
this module is dependent on the other two modules, other modelling steps which are involved
in this process are also presented. The steps range from reading the 3DM CAD files,
extracting the surface boundaries from the input data to constructing the inner control points.
The NURBS-Python library4 is utilized to read the 3DM files constructed in Rhinoceros® and
NURBS toolbox5 to plot the results. The effectiveness of the presented work is demonstrated
by constructing trivariate models of complex CAD geometries and benchmarking the same
against available research work. Such trivariate models are the actual representations of the
geometries and hence, results in better solution in critical problems as in the case of contact
surfaces and sharp edges. The presented methodology can be useful for a beginner in the field
of IGA or the researchers who desire to build complete industry-related models.
2. RESULTS & DISCUSSION
Figure 1 shows the steps involved in constructing the trivariate model. We start by
constructing six-surfaced B-Rep geometry in Rhinoceros® software, which is then processed
to identify individual surfaces. These individual surfaces form the contour of the solid and can
Indian Institute of Technology Kharagpur
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be used in discrete Coons method to interpolate internal control points. To further test this
methodology for complex structures, geometries having a variable degree of polynomial and
knot vectors are considered. Additionally, to demonstrate the capabilities of the presented
method, the weighted NURBS geometries are also considered. Volumetric/Trivariate model
generation from the geometries having a non-uniform or asymmetrical edge is also possible
through this methodology.
The results achieved through our implementation are well-matched with the results
presented in Ref. [3]. Nevertheless, these findings can be extended to a broader level by
optimizing the inner interpolated control points to get the best analysis results. We can further
extend this work to a multi-block problem with each block sharing common boundary surface
having C1 continuity with each other.
Figure 1. Volumetric Construction of a spherical object (a) Exploded view of B-Rep model constructed in
Rhinoceros® made of six-boundary surfaces; (b) Control point lattice after model completion; (c) Resultant
trivariate model plotted using NURBS toolbox5; Dimensions: Radius=20mm

(a)

(c)

(b)
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1. INTRODUCTION & OBJECTIVE

Concrete filled double skin tubular (CFDST) columns with steel inner and outer tubes
belong to a category of modern columns in which concrete is filled in the space between the
two tubes. CFDST columns are optimized to offer benefits and advantages similar to steelconcrete composite construction by taking advantage of strengths of both concrete and steel.
The steel tubes act as longitudinal reinforcement in these columns and also provides potential
confinement for enhancing the structural behavior of the concrete fill. The composite action of
steel and concrete leads to improved structural characteristics, including potential higher axial
load capacity and ductility to conventional steel or reinforced concrete columns. General
guidance regarding influence of cross-sectional shape on compressive behavior and nonlinear
load carrying capacity of CFDST columns is scant in literature and standard design
specifications. The main focus of present study is to examine influence of four different crosssectional shapes of confining outer-inner steel tubes i.e. circle-circle (CC), circle-square (CS),
square-square (SS) and square-circle (SC) on ultimate column capacity and its compressive
behavior using nonlinear finite element analysis (NLFEA). For the parametric study, all
column shapes were provided with same equivalent cross-sectional areas of inner and outer
steel tubes, and concrete infill.
In the present study, the main focus was on the detailed numerical modeling and NLFEA of
all four different cross-sectional shapes of CFDST columns. In total 40 CFDST columns of
different cross-sectional shapes (i.e. 16 models for CC, 8 each for CS, SS and SS) were taken
from literature whose ultimate axial load capacity has been experimentally verified and
reported. Numerical models were developed for each of these columns using extracted column
geometry and material characteristics in ANSYS 19.0 (ANSYS 2019). Concrete material
failure was based on microplane modeling theory of Bazant and Gambarova (1984), in which
uniaxial constitutive stress-strain curves are applied on each microplane. At macroscopic
1
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level, strain tensors were kinematically related to their microplane counterparts. The
unidirectional nonlinear stress-strain curves for concrete capturing different confinement
levels were adopted as per recommendation from literature considering circular or square
configuration of outer steel tube. For columns with circular outer shape, concrete modeling
used Pagoulatou et al. (2014) proposed stress-strain curve, whereas in columns with square
outer tube curve proposed by Zhao et al. (2002) was used. The axial load-deflection
characteristics were compared for all numerical models with experimental curves extracted
from literature.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
Nonlinear finite element analyses were performed on 40 numerical models of CFDST
columns with varying cross-sectional shapes (i.e. 16 columns in CC, and 8 each in CS, SS,
and SC). The results from NLFEA were validated against documented experimental results
available from literature. All the numerical models performed satisfactorily, and predicted
ultimate load carrying capacity within a mean average error of about 1-5% for each studied
column shape. The axial-deflection characteristics in all analytical cases matched well with
the experiment results extracted from literature (see Fig. 1). Based on the analyses results of
the parametric study, it is seen that circle-circle CFDST column shape resulted in higher load
capacity among all four shapes, whereas SS depicted lowest. The average decrease compared
to CC is 4% in CS, 10% in SC and 28% in SS when equivalent cross-section of inner and
outer steel tubes, and concrete core was kept similar across multiple shapes. This reduction in
column load capacity due to square-shape compared to circular outer tube can be attributed to
stress concertation near square corners leading to nonuniform and reduced confinement level
to concrete infill.
The present study shall be further extended to examine influence of other cross-section
parameters on column behavior and ultimate capacity, such as slenderness ratios of steel tubes
etc.
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Fig. 1. Axial load-deflection / strain characteristics (experimental vs analytical) of CFDST columns: (a) circle-circle
(CC); (b) circle-square (CS); (c) square-circle (SC); (c) square-square (SS).
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1. INTRODUCTION & OBJECTIVE

One of the fundamental challenges of mechanics of heterogenous materials is homogenization
where one aims to calculate the effective properties of heterogenous materials based on the
constituent properties and microstructure of the inclusions. There are large number of known
homogenization methods, one of the more popular approaches is the family of methods
collectively known as the mean field homogenization (MFH) formulations. These methods have
been used for a large number of composite materials including large number of fibre
architechture like short straight, short wavy, textile among others [1]. While, the primary aim
of such methods is the prediction of the effective properties, an important consideration
sometimes is also the correct prediction of stresses in individual inclusions, This becomes
particularly important when damage modelling of heterogenous materials. The most popular
MFH formulation is the Mori-Tanaka (MT) formulation [2]. This method is computationally
cheap, easy to set up and fairly accurate. However, occasionally this method leads to physical
admissibility problems like non-symmetric stiffness tensor, violation of the Hashin Skritman
bonds etc. particularly when one uses the MT formulation for homogenization of multi-phase
RVE. To circumvent these problems, a pseudo-grain discretized version of the MFH has been
proposed in literature [3]. This method is based on the idea of discretizing a RVE with mixed
orientation and/or length distribution into a number of so-called “pseudo-grains”. A pseudograin is defined as a bi-phase composite having only inclusions with same orientation and aspect
ratio. In this method, the pseudo-grains are homogenized individually and in a second step the
homogenized pseudo-grains are further homogenized using some other form homogenization
scheme like Voigt homogenization. While the pseudo-grain homogenization method
successfully circumvents the mathematical problems related to the MT scheme, doubts persist
about its predictive abilities of stresses in individual inclusions. Subsequently, the use of
pseudo-grain homogenization during damage modelling is limited.
In this paper, the predictive abilities of the two schemes namely MT and the pseudo-grain MT
formulations are compared with full finite element models as benchmark. Using a range of
different FE models, with different combinations of the constituent properties, it is concluded
that despite the different physical interpretations of the two methods and the very different
assumptions about interactions among different inclusions the predictions of stresses in
individual inclusions are similar. In special cases where the difference between the two
approaches is stark, the pseudo-grain homogenization method is found to be closer to the FE
results.
________________________________________________________
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The first step in the benchmarking exercise is the creation of the microstructure followed by
meshing, applying of the boundary conditions and subsequently calculating the stress at every
point. Within the scope of this paper, only ellipsoid inclusions with aspect ratio 3 are considered.
The choice of aspect ratio 3 is based on the two considerations. Firstly inclusions with higher
aspect ratio are difficult to mesh, but inclusions with lower aspect ratio cannot be used to
characterize the stress in inclusion and angle dependency. The volume fractions considered
includes a range from 0.01 to 0.25, the microstructure is created using the random sequential
adsorption algorithm. 30 inclusions are considered in every RVE, this number is finalized using
a sensitivity study. For each of the RVE considered, both possibilities Ef> Em and Em> Ef are
considered. The stresses in individual inclusions is calculated by volume weighted average of
stresses in elements within a inclusion.
Figure 1 shows the FE generated microstructure for RVE having 30 inclusions with random
orientation, aspect ratio 3 and volume fraction 0.1. The average stresses in inclusions calculated
by the three schemes are shown in figure 1b. It is seen that the predictions of the two schemes
are extremely close to each other. This is a representative result, similar conclusions have been
derived for other RVE and different combination of constituent properties.

Figure 1 a.) FE model including mesh of RVE with 30 inclusions randomly oriented, vf = 0.1. b) the average stress in inclusion
predicted by the MT, Psuedo-grain MT and FE calculations. Ef = 0.3, Em = 3 (inclusions softer than the matrix).

After a thorugh and comphrehensive benchmarking exercise, it is seen that both the schemes
viz. the MT and pseudo-grain MT provide similar results for the effective properties (which is
well documented by several researchers). Additionally, it is seen that both the schemes provide
very similar results for the stresses in individual inclusions. The pseudo-grain MT circumvents
the mathematical problems related with the MT formulation without compromising on the
predictive ability for both the effective properties as well as stresses in individual inclusions.
Thus the pseudo-grain MT method can be choosen as the first choice homogenization method.
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ABSTRACT
Element Free Galerkin (EFG) offers a numerical recourse to solve physical problems formulated
in terms of partial differential equations. In particular, problems involving strong fielddiscontinuities and remeshing of domains are expeditiously solved by Element Free Galerkin
method (EFGM). While various strategies like truncation of weight functions, amongst others,
are employed to address these problems, comparative studies exploring influence of domain of
influence sizes and weighting functions are limited. In this work, two weight function truncation
methods — Visibility and Diffraction methods — in the context of Linear Elastic Fracture
Mechanics (LEFM) are compared by undertaking a parametric Stress Intensity Factor (SIF) study
incorporating effects of sizes of domain of influence, nodes and weighting functions. The study is
illustrated for an edge-cracked finite plate and a centrally-cracked finite plate. For an exponential
weighting function in both methods, the SIF results converge with an increase in the size of
domain of influence; however, Visibility method results corroborate closely with Finite Element
Method (FEM) results than Diffraction method. On the other hand, cubic spline and quartic
functions for both methods show a strong dependence on the size of domain of influence.
Further, the SIF results converge with an increase in number of nodes.
1. INTRODUCTION
In order to ameliorate difficulties in an element-based interpolation method, EFGM was
proposed [1]. Employing Moving least-square (MLS) approximations to construct the shape
functions along with weighting function, EFGM couples Lagrange multipliers with Galerkin
weak form (Variational form) to obtain an algebraic system of equations. For domains with nonconvex boundaries, field variables like displacements and stresses are discontinuous. To capture
these discontinuities, weighting functions are modified near nonconvex boundaries using weight
function truncation methods like Visibility method (VM) and Diffraction method (DM) [1,2].
This work compares the two methods for various parameters like size of domain of influence,
weighting functions and node numbers.
2. RESULTS, DISCUSSION AND CONCLUSION
The comparative study is illustrated for an edge-cracked finite plate and a centrally-cracked finite
plate. Figures 1 and 2 show contour plots of 𝜎𝑦𝑦 for plates with a central crack and an edge crack,
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respectively. In addition, each figure presents the results for FEM, VM and DM. The results
indicate good correspondence between VM and DM, on one hand, and FEM on the other.

Figure 1. 𝜎𝑦𝑦 for a center-cracked finite plate (637 nodes) (a) FEM (b) VM (c) DM

Figure 2. 𝜎𝑦𝑦 for an edge-cracked finite plate (637 nodes) (a) FEM (b) VM (c) DM

Figure 3. Edge-cracked finite plate (637 nodes): SIF versus Domain of influence (𝑑𝑚𝑎𝑥 ) (a) VM (b) DM

Figure 3 captures the influences of sizes of domain of influence and different weighting
functions — exponential, cubic spline and quartic functions — for an edge-cracked finite plate.
The results show that the exponential weighting function in comparison with other functions
converges beyond certain minimum size of domain of influence for both methods. Further,
Visibility method corroborates closely with FEM in comparison with Diffraction method. In the
numerical simulation, it was also observed that the integral value of the exponential weighting
function, in comparison with other weighting functions, was close to 1 in accordance with
requirements of weighting function [3]. The analyses also show that the results converge as the
number of nodes increases.
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1. INTRODUCTION & OBJECTIVE

Plates on elastic supports are used to study the dynamic behaviour of structural foundations resting on
soil and such plates are also used to study the wings of an aeroplane attached with rivets, where the
rivets are modelled as springs. In this paper, a nine node iso-parametric plate bending element has
been used for the finite element formulation of free vibration analysis of isotropic plates and laminated
composite plates resting on elastic point support and the Mindlin’s First-Order Shear Deformation
Theory (FSDT) is incorporated for the plate analysis. The elastic springs are arranged at various points
under the plate and with different boundary condition.
Various studies have been done by researchers to study the free vibration of laminated composite plate.
Reddy [1] studied the vibration of simply supported laminated plates, Aydogdu and Timarci [2]
studied the vibration of square cross-ply laminated plates with different boundary conditions. Free
vibration analysis of plates with elastic boundary support was done by Li [3], whereas Cheung and
Zhou [4] studied the vibration of rectangular plates with elastic intermediate line-supports. Joseph
Watkins and Barton [5] analysed the vibration of isotropic plates resting on elastic point supports.
However, there are very few studies of composite plate on elastic point support using finite element
method.
In this paper, rectangular isotropic and laminated composite plates resting on elastic point supports
with different boundary conditions, aspect ratios, thickness ratios, number of layers and different
orientation of fibers in the laminates, have been analysed. Present finite element results have been
compared with established results and some new results have been presented which will be useful for
further research in this field.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
2.1 LAMINATED PLATES WITH CONSTANT SIDE TO THICKNESS RATIOS AND DIFFERENT
NUMBER OF PLY LAYERS

A simply supported square laminated composite plate is considered and the non-dimensional
frequencies are obtained for different number of layers of ply, while the side to thickness ratios are
kept constant. The frequencies of free vibration obtained are given in Table 1.
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Table 1: Non-Dimensional frequency parameter λ =

ωa2
h

ρ

√E of a square composite plate with simply supported boundary
2

condition and different number of ply layers (N), having side to thickness ratio (a/h = 10)

Ply Angle 𝝓
45°/-45°
45°/-45°/45°/-45°
45°/-45°/45°/-45°/45°/-45°
45°/-45°/45°/-45°/45°/-45°/45°/-45°

N
2
4
6
8

𝝀𝟏
15.48
18.91
19.28
19.39

𝝀𝟐
26.89
34.41
34.41
34.41

𝝀𝟑
26.89
34.82
35.65
35.91

𝝀𝟒
34.41
34.82
35.65
35.91

𝝀𝟓
42.92
50.68
51.38
51.60

2.2 CROSS PLY LAMINATED PLATES ON ELASTIC POINT SUPPORT WITH CONSTANT SIDE
TO THICKNESS RATIOS AND DIFFERENT NUMBER OF PLY LAYERS

Non-dimensional frequencies of a simply supported cross-ply laminate on four point elastic support
as shown in Figure 1, with different number of ply layers (N) and constant side to thickness ratios are
given in Table 2. It can be observed from Table 1 and 2, for both the plates, with spring and without
spring supports, that as the number of ply layer increases, keeping the side to thickness ratio constant,
the frequency of vibration increases.

Fig 1: Laminated composite plate with four point elastic support
Table 2: The non-dimensional frequency parameter λ =

of layers (N), a/h = 10, a/b = 1 and KS = 108 N/m

N
3
5
7
9

ωa2

Ply Angle 𝝓
0°/90°/0°
0°/90°/0°/90°/0°
0°/90°/0°/90°/0°/90°/0°
0°/90°/0°/90°/0°/90°/0°/90°/0°

h

ρ

√E of a simply supported laminate having different number
2

𝝀𝟏
15.78
16.38
16.69
16.77

𝝀𝟐
23.32
30.87
32.74
33.56

𝝀𝟑
38.07
37.57
37.20
36.94

𝝀𝟒
38.30
45.06
45.97
46.31

𝝀𝟓
41.15
48.59
48.61
48.61
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1. INTRODUCTION & OBJECTIVE

The determination of collapse moment of pipe bends is essential for the safe design of the piping
system under operating conditions. Therefore, it is necessary to estimate the accurate values of
collapse moment by considering the actual cross-section of pipe bends and its material
properties. The pipe bends are manufactured from the pipe bending process, and during the
process, the circular cross-section gets deformed into non-circular cross-section. The
deformation is measured as ovality, thinning and thickening collectively termed as geometric
imperfection [1]. The ovality is the ratio of the difference in diameter (D) by mean diameter,
and thinning and thickening are the ratio of the difference in thickness (t) by mean thickness at
extrados and intrados of the pipe bend, respectively, as shown in Figure 1. This paper
investigates the 450, 900 and 1350 actual deformed pipe bends subjected to internal pressure and
in-plane closing bending moment for the strain-hardening and elastic-perfectly plastic material
models using finite element analysis software Abaqus. The pipe bends are modeled for 0%,
10% and 20% geometric imperfections.
2. GEOMETRY MODELING & LOAD APPLICATION

The 450, 900 and 1350 non-circular pipe bends are modeled using python script as it is impossible
to model such geometry using the existing toolbar of Abaqus software. The pipe bends are
attached with long straight pipes at each end of length equal to five times the mean diameter of
the straight pipe to neglect the end effects. The cross-section is modeled for circular crosssection (0% geometric imperfection) and non-circular cross-section (10% and 20% geometric
imperfection) to investigate the effect of initial geometric imperfection (deformed cross-section
of pipe) on the collapse moment. As part of the present analysis, the collapse moment of the
elastic-perfectly plastic and strain-hardening material models are compared to examine the
hardening behavior of the material. Type 304 stainless steel is adopted for the analysis [2].
For the analysis purpose, at one end of the straight pipe, all degrees of freedom are constrained
during the initial step of the analysis. In the first step of the analysis, the internal pressure is
applied through the distributed load. For each analysis, the internal pressure is increased by 25%
of the design pressure of the straight pipe. The design pressure of the straight pipe is determined
according to ASME Code NB-3640 [3]. For simulating the closed-end condition of the model,
an axial tensile force is applied at the unconstrained end. Also, at the unconstraint end, multi-
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point constraint (MPC) is used for the closing bending action. The twice-elastic-slope method
is applied to determine the collapse moment from the moment versus the end-rotation curve [4].

(a) Circular cross-section

(b) Non-circular cross-section (deformed)

Figure 1. Pipe bend cross-section (a) before bending (b) after bending.

3. RESULTS & DISCUSSION AND CONCLUSION
The pipe bends of 450, 900 and 1350 bend angles are analyzed for material models of strainhardening and elastic-perfectly plastic under in-plane closing bending moment with internal
pressure. Non-linear finite element analyses have been performed using commercial finite
element software. For elastic-perfectly material of 450 degree pipe bend (radius of
pipe/thickness = 24.24), the change in collapse moment due to 10% imperfection are -5.29%, 0.98%, 1.56%, 4.21% and 5.19%, and the change in collapse moment due to 20% imperfection
are -9.02%, -2.42%, 2.12%, -11.37% and -28.45% for normalized pressure (p) = 0, 0.25, 0.5,
0.75 and 1 respectively, with compare to the collapse moment of circular pipe bend. Similarly,
for strain-hardening material, the difference due to 10% imperfection are -4.89%, -1.09%,
1.03%, 3.12% and 4.01% and for 20% imperfection are -8.92%, -2.13%, 1.80%, 4.31% and
5.33% respectively. Similar trend is observed for 900 and 1350 pipe bend for both material
models. From the results, it has been noticed that at the higher pressure, the collapse moment
for elastic-perfectly plastic material model tends to decrease. But for the strain-hardening
material model, collapse moment tends to increase and does not decline with the increase of
pressure. It is due to the counteracting effect of geometry stiffening of internal pressure along
with material-hardening effect.
From the present work, it can be stated that the internal pressure causes significant variation in
the geometry of the initially deformed pipe bend which leads to increase in the collapse moment
as compared to that of circular pipe bend. These effects are not uniform for all level of applied
pressure. It has been observed that change in collapse moment is less in strain hardening model
in comparison to that of elastic perfectly plastic model for both 10% and 20% imperfection
cases.
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1. INTRODUCTION & OBJECTIVE

Thermoelastic damping is an intrinsic enery loss mechanism which limits the maximum
attainable quality factor for a resonator. The heterogeneous stress distribution created in a
transversely vibrating beam generates localized thermal gradient inside the beam when the
material has a nonzero coefficient of thermal expansion.The irreversible heat transfer due to
the localized thermal gradient leads to the dissipation of mechanical energy as heat (Sun,
Fang, & Soh, 2006).
Reduced order modeling using Galerkin approach can be used to obtain the quality factor of
the beams with thermoelastic damping (TED) and the contribution of each modes and their
interaction towards the total loss in the vibrating systems. Presently, the Galerkin based
reduced order model (ROM) are available only for the linear systems. Therefore, in the
current study, ROM in a more general frame work is presented where the geometric
nonlinearity arising from the mid-plane stretching and forcing nonlinearity arising from the
electrostatic actuation are considered.
The governing coupled equations for a thermoelastic beam vibrating transversely under the
actuation of electrostatic force can be given as,
𝜌𝐴

𝐶𝑣

𝜕2 𝑤
𝜕𝑡 2

𝜕𝜃
𝜕𝑡

𝜕4 𝑤

𝐸𝐴 𝜕2 𝑤 𝐿 𝜕𝑤 2
∫ ( ) 𝑑𝑥
𝜕𝑥 2 0 𝜕𝑥

+ 𝐸𝐴 𝜕𝑥 4 − 2𝐿

+

𝐸𝛼𝑇0 𝜕 𝐿 𝜕𝑤 2
∫ ( ) 𝑑𝑥
2𝐿 𝜕𝑡 0 𝜕𝑥

𝜕

𝜕

𝜕2

𝜕𝑤

1

𝜀𝑏𝑉 2
2
𝑜 −𝑤 )

+ 𝐸𝛼 𝜕𝑥 (∫𝐴 𝜃 𝜕𝑥 𝑑𝐴) + 𝐸𝛼 𝜕𝑥 2 ∫𝐴 𝑧𝜃𝑑𝐴 = 2 (𝑔
𝜕2 𝑤

𝜕2 𝜃

𝜕2 𝜃

− 𝐸𝛼𝑇0 𝑧 𝜕𝑡 ( 𝜕𝑥 2 ) − 𝜆 (𝜕𝑥 2 + 𝜕𝑦2 ) = 0

(1)
(2)

Where w is transverse displacement of the mid-plane of the beam, b is width of the beam, θ is
the temperature change from the ambient temperature T0, I is the area moment of inertia of the
cross section of the beam, α is the linear coefficient of thermal expansion, λ is the thermal
conductivity and Cv is the specific heat per unit mass.
The variation of the temperature has been approximated with two variables as shown below
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𝜃(𝑥, 𝑦) = 𝑓(𝑦)𝜃1 (𝑥) + 𝜃2 (𝑥)

(3)

Substituting Eq. (3) in Eq. (1)& Eq. (2) , we obtain
𝐶𝑣 𝐾1

𝜕𝜃1

𝐶𝑣 𝐾3

𝜕𝑡

+

𝜕𝜃2
𝜕𝑡

𝐿 𝜕𝑤 2
∫ ( )
𝜕𝑡 0 𝜕𝑥

𝐸𝛼𝑇0 𝐴 𝜕
2𝐿

𝜕

𝜕2 𝑤

𝑑𝑥 − 𝜆𝐾1 (

𝜕2 𝜃
𝜕𝑥 2

𝜕2 𝜃

) − 𝜆𝐾2 𝜃1 = 0

(4)

− 𝐸𝛼𝑇0 𝐼 𝜕𝑡 ( 𝜕𝑥 2 ) − 𝜆𝐾3 (𝜕𝑥 2 ) − 𝜆𝐾4 𝜃2 = 0

(5)

In order to construct the reduced order model for the Eq. (1), Eq. (4) & Eq. (5), the variables
w, θ1 and θ2 are assumed in the following form
𝑤(𝑥) = ∑𝑀
𝑖=1 𝜙𝑖 (𝑥)𝑤𝑖 ,

𝜃1 (𝑥) = ∑𝑀
𝑖=1 𝜓𝑖 (𝑥)𝜃1𝑖,

𝜃2 (𝑥) = ∑𝑀
𝑖=1 𝜓𝑖 (𝑥)𝜃2𝑖

(6)

Where 𝜙𝑖 and 𝜓𝑖 are structural and thermal modes in x-direction for a fixed-fixed beam and
with isothermal ends.
2. RESULTS & CONCLUSIONS
The ROM takes into consideration both, mid-plane stretching nolinearity and forcing
nonlinearity, which has been used to obtain the thermoelastic damping quality factor (QTED) of
a transversely vibrating beam under electrostatic force. The variation of the QTED with the
applied biasing voltage till the pull-in has been presented. Figure 1 shows comparison of the
QTED obtained using ROM (M=5) with literature (Zamanian, 2010). It is observed that the
results are in good agreement with the results presented literature ((Zamanian, 2010. The
accuracy of the solution can be improved by using more number of modes (M) in the ROM.

Figure 1: Variation of Quality Factor with applied biasing voltage till Pull-in
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1. INTRODUCTION & OBJECTIVE
The traditional computational tools in solid mechanics which are the boundary element method
(BEM) and the finite element method (FEM) while analyzing a damage problem or a crack tip
evolution problem have shown absence in flexibility and robustness that are required to give
the accurate results. This provides the importance of developing a meshfree method (MMs) [1]
and the extended finite element method (XFEM) method.
In this work, a new approach for incorporating the Cohesive zone [2] within the framework of
the extended element free Galerkin (XEFG) [3] method is proposed. The nonlinear damage
initiation is captured with the help of generalized displacement control algorithm. In the
proposed XEFG method, the displacement approximation is obtained by performing a partitionof-unity enrichment of the MLS shape functions, using the Heaviside function to describe the
displacement discontinuity and level-set function to model the weaker discontinuity such as the
interface of non-homogenous materials. Numerical simulations have proved that XEFG method
provides more accurate results by a relatively lower number of nodes (DOFs) in comparison
with the FEM problems.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In the FEM, the dipslacement fields are related to the nodal values through shape functions
which act as interpolants, whereas the shape functions in the XEFG method are approximants.
The displacement field in the porposed XEFG method is given by
𝑢(𝑋) = ∑ 𝛷𝐼 (𝑋)𝑢𝐼 + ∑ 𝛷𝐼 (𝑋)[𝑎𝐼 𝐻(𝑓(𝑥))] + ∑ 𝛷𝐼 (𝑋)𝑐1 𝜒𝐼 (𝑥)
𝐼∈𝑤(𝑋)

𝐼∈𝑤𝑖 (𝑋)

Eq 1

𝐼∈𝑤𝐿 (𝑋)

where 𝛷𝐼 is the shape function obtained thorugh moving least square approximation, H is the
Heaviside function, 𝜒𝐼 is the level set function, 𝑎𝐼 and 𝑐𝐼 are the enriched degrees of freedom
associated with Heaviside and lele set function respectively.
To better illustrate the superiority of XEFG method over FEM, a comparative convergence
studies is done. The strain energy parameter is used to demonstate the mesh and nodal
convergence in the case of the XEFG method and the FEM respectively. Getting an accurate
and stable results without compromising the computational time is the goal of the convergence
analysis. For th convergence study, we have considered a one dimensional rod of cross sectional
area 120 mm2 and length 200 mm, which has cohesive zone in the middle. Fig. 1 shows the
variation of strain energy in the XEFG method and the FEM. An exponential traction separation
relation (Eq.2) is used for the cohesive zone.
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𝑇𝑜 exp(1) 𝑧𝛿
𝛿
exp (−𝑧 )
𝛿𝑜
𝛿𝑜
where T is the traction and 𝛿 is the sepatation in the cohesive element.
𝑇(𝛿) =

Eq 2

.
Fig.1 Strain energy vs number of elements.
(FEM vs XEFG method)

Fig.2 Load vs displacement curve.
(FEM vs XEFG method)

Fig.3 Cohesive traction vs separation.
(FEM vs XEFG method)

In the case of FEM, the strain energy reaches a stable value from 100 elements. Therefore, this
mesh configuration is chosen for the subsequent analysis. But, in the XEFG method, the strain
energy value quickly reaches a stable value with small number of nodes itself. This is due to the
higher order shaoe functions of the XEFG method. The results, force-displacement curve (Fig.2)
and Traction vs separation curve of the cohesive zone (Fig 3) obtained by the XEFG method
using just 51 nodes is in good agreement with the FEM results.
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1. INTRODUCTION & OBJECTIVE

The concept of Functionally Graded Materials (FGMs) was suggested in 1984 by a group of
materials scientists in Japan as a means of preparing thermal barrier materials. FGMs are the
advanced heterogeneous composite materials in which the material properties vary smoothly or
continuously from one surface to others. FGMs, which are usually made of metal and ceramic
materials, possess two main properties: toughness and a high degree of temperature resistance.
These properties prevent the problem of delamination as observed in laminated composites.
With the desired volume fraction, the composition of FGM materials is varied from ceramic
rich to a metal-rich surface. FGM plate/shells have a wide range of applications in aerospace,
nuclear, automobile, civil, medical, and chemical industries. Plates with cutouts are used in
rocket engines and exhaust chambers for fuel lines/pipes to pass through. Also, the cutout is
prepared in the plate for various purposes such as offering access for inspection and
maintenance, to allow for light passage from outside to inside or vice versa, and to make a
possible connection to other structural elements or to reduce the weight.
These wide applications of this materials cause plate to be subjected to various kinds of loading
during its life service. The in-plane type of edge load is one which seriously affect the vibration
and buckling characteristics of such materials and hence is the interest area to many researchers.
Most of the literature considered uniformly distributed in-plane edge loads to solve the buckling
problems of FGMs. But, practically many a time these plates are also subjected to many kinds
of non-uniform edge loads, which leads to the non-uniform stress distribution and resulting
buckling failure at lower stress level. On the other hand, the presence of cutout is also common
in the plates, which reduces overall stiffness and also creates free edges in the FGMs, which in
turn causes high stresses. The analytical solution for buckling of plates with cutouts under
linearly varying load is very challenging. Hence in the present studies, a finite element software
package ABAQUS is used to analyze the buckling behaviour of thin and thick FGM plates with
and without cutouts subjected to various kinds of varying in-plane edge loads. The plate is
modelled by using eight noded elements (S8R5) with five degrees of freedom at each node. The
effective material properties are computed using the power law equation of the volume fraction
of the plate constituents. Effect of circular cutouts on buckling characteristics is investigated by
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varying parameters like boundary conditions, volume fraction index, cutout size, cutout position
and different type of linearly varying in-plane edge loads.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
In the current study, the buckling response of a functionally graded material plate with circular
cutout subjected to linearly varying load is going to be investigated. The modelling process and
solutions will be done with FEM using the ABAQUS finite element software package. The
results obtained shall be validated by comparing the results with those available in the literature.
The influence of different loading pattern, boundary condition, volume fraction index, cutout
size, thickness ratio and position on buckling behaviour of FGM plates are going to be
investigated. The critical buckling load are expected to decrease with an increase in the radius
of the cutout. This decrease may be associated with stiffness degradation. With the increase in
volume fraction index, the buckling load can be anticipated to decrease. As it is adequately
established in the literature on buckling analysis of plates and shells, the non-dimensional
buckling load can be projected to decrease with the increase of thickness-to-width ratio.
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1. INTRODUCTION & OBJECTIVE

Many fracture specimens are available in the literature for finding the material property of
fracture toughness of a material by conducting fracture testing. A review of fracture testing
procedures and specimens was done by Zhu and Joyce [1]. Cracked Brazilian disk is a widely
used compression specimen. Fett [2] computed the stress intensity factor and T-stress solutions
for a internally cracked Brazilian disk as in Fig. 1a, by using boundary collocation method and
weight function. Tracy [3] solved the problem of a circular ring with radial crack for pure
bending and three point bending loads using modified collocation technique and partitioning.
Bowie et al. also used the same modified collocation method for analysing circular ring with
radial crack under uniform external tension [4]. A circular ring with single radial crack under
compression and tension was analysed by Ahmed and Ashbough and concluded that such
specimens can be used for constant mode I stress intensity factor (KI) crack propagation tests [5].
A radial crack on a circular ring subjected to crack surface shear stress is analysed by Leung and
Hu by using dislocation solution and singular integral equation techniques for obtaining the mode
II stress intensity factor [6].
In this paper a double edge-cracked circular ring specimen under diametrical compression as in
Fig. 1b is solved using Ansys for finding the stress intensity factor. The pure mode I and mixed
mode I-II cases are obtained by changing the orientation of the cracks with repect to the line of
action of loading. The pure mode I is obtained by aligning the crack in the direction of line of
action.

Figure 1: a) Circular disk with internal crack under constant normal traction, 𝜎 at the circumference [2]. b)
Circular Ring under diametrical compression with collinear edge cracks. c) Quarter of the ring (symmetric model).
1
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
By making use of the symmetry of the circular ring, only one quarter of the ring is modelled as
shown in Fig. 1c. The outer radius of the ring, 𝑅 is fixed to 0.05 m. Two collinear edge cracks
of equal length, 𝑎 are modelled at the inner boundary of the ring and the length of the crack is
varied according to the ratio 𝑎⁄(𝑅 − 𝑅 ) = 0.05, 0.06, . . .0.95. The stress intensity factor is
found using the displacement extrapolation technique in Ansys. The problem was solved for
various cases of 𝑅 ⁄𝑅 . For each case, a curve is plotted between the KI and the crack length as
shown in Fig. 2a. A plot between the normalized KI and crack length is also obtained as in Fig.
2b. Here KI is normalized by dividing 𝜎 𝜋(𝑅 + 𝑎) whereas crack length by (𝑅 − 𝑅 ).

From Fig. 2a, for the cases of 𝑅 ⁄𝑅 = 0.2, 0.4, … 0.7 the KI shows a downward trend as crack
length increases at the beginning. After KI reaches minimum, it rises continously as the crack
length increases further. This regime of small crack length indicates stable crack propagation. KI
of our ring specimen compared to Brazilian disk is significantly higher especially for longer
cracks and bigger holes, although for very short cracks and small holes KI for ring specimen
tends to that of Brazilian disk. From Fig. 2b, FI (the normalized KI) also exhibit similar trend to
the KI plot. The parameter 𝑅 is introduced in the normalization of KI to avoid singularity as 𝑎
tends to zero. A surface fit can be attempted to capture the KI behaviour of the ring specimen
theoretically.

Figure 2: a) Mode I SIF vs Crack length for various 𝑅 ⁄𝑅 values. b) Normalised mode I SIF vs normalised
crack length for various 𝑅 ⁄𝑅 values.
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1. INTRODUCTION & OBJECTIVE

Thin-walled laminated columns are widely used in various structural design fields including
civil, architectural, mechanical and aerospace engineering. These columns possess high axial
and flexural stiffnesses with a low weight of material [1]. In various engineering application,
these columns are often subjected to an axial compressive load causing structure to buckle in
various modes of buckling failure such as flexural mode and torsional mode [2]. This
motivates researcher to enhance the buckling strength of such columns by optimizing their
design parameters. It is evident that the shape of the cross-section of such columns greatly
influences the buckling load. Hence, prediction of its cross-section shape that leads to higher
buckling load remains a very important point in the design of the composite column [3].
In this work, a laminated I-section column is considered which is subjected to an axial
compressive load. The objective is to obtain the optimum shape of the I-section for which the
buckling capacity is maximum. For this optimization, the design variables considered are the
web height (a1) and flange widths (a2, a3,) of the column, as shown in Fig 1. (a). The material
volume of the column is kept as constant. The length of the column and thickness of the web
and flanges are kept same. Therefore, as a constraint for the optimization, the sum of the web
height (a1) and flange widhes (a2, a3,) are kept as constant.
Note that the buckling in i-section composite column can be in both flexure and torsional
modes. For these combined buckling failure modes, analytical solution for the critical
buckling load is cumbersome. Additionally, for the optimization study these solutions have to
be performed repeatedly in every iterations. Therefore, in the present study, the buckling load
is computed in finite element (fe) software ANSYS. SHELL281 element has been used for the
discretization. To judge the accuracy of fe results, a validation study has been performed with
the published results [3]. For the optimization process, a parameterized fe model is first
developed in ANSYS APDL. Afterthat, the buckling results are coupled with a genetic
algorithm (GA) based optimization routine developed within MATLAB [4]. In this approach,
the optimization routine first accepts a set of input parameters (ai) and feeds it to ANSYS for
computing the buckling results. And, this process is done repeatedly in every iteration of the
optimization process to obtain the optimized parameters as the final outcome.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
This section presents some typical results of this optimization process. A symmetric cross-ply
laminate [(0◦/90◦]4s is considered for the I-section column. The laminate is consisted of 16
Further author information: (Send correspondence to P.K Choudhary)
P. K. Choudhary: E-mail: prashantkumarchoudhary01@gmail.com, Telephone: +91 8228016058.
P.K. Mahato.: E-mail:pkmahato@iitism.ac.in
P. Jana: E-mail: prasun@aero.iitkgp.ac.in
1

Indian Institute of Technology Kharagpur

1|Page

Solid Mechanics (SM)

plies, each of thickness 0.13 mm. The material properties and dimensions of the I-section
column used for optimization are adopted from Nguyen et al. [3]. As a constraint, the sum of
the input parameters (ai) is fixed to 150 mm. The lower and upper bound of design variables
are taken as 0 and 150 mm, respectively.

(b)

(a)

Fig 1. (a) Schematic of the I cross-section with the design variables (a1, a2, a3). (b) Mode shape of the S-S
column with the optimal cross-section. Due to symmetry, half of the length is considered in the analysis.

Table 1 shows the comparison of the buckling loads with the optimal cross-section and the
reference cross-section in [3]. The comparison has been done for two boundary conditions:
both end simply supported (S-S) and one end clamped and other end free (C-F). From Table 1,
it is observed that buckling loads for simply-supported and clamped-free I-section columns
increase by 134% and 62%, respectively, in comparison to the reference configuration [3]. Fig
1. (b) shows the mode shape plots for the optimal cross-section for S-S boundary condition.
For both the optimal and reference cross-sections buckling primarily occurs in flexuretorsional mode. The results indicate that the optimized cross-sections can provide a buckling
strength which is substantially higher than the reference cross-section while meeting the
predefined design constraints. As a future scope of the work, this approach will be extended to
even more complex optimization problems related to open section columns.
Table 1. Optimal parametrs and comparison of buckling loads with the composite I-columns in Ref. [3].
B. C.
Optimal parametrs (ai in mm)
Parameters in Ref. [3]
% increase
Buckling
Buckling
𝑎1
𝑎2
𝑎3
𝑎1
𝑎2
𝑎3
load (N)
load (N)
S-S
55.8
90.5
3.8
2255.83
50
50
50
963
134 %
C-F
32.8
62.5
54.8
6239.91
50
50
50
3848
62%
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1. INTRODUCTION & OBJECTIVE

Inclusions greatly influence the mechanical and physical properties of materials. Hence, the
study of inclusions plays a significant role in the development of advanced materials for
aerospace, marine, automotive and many other applications [1]. The study of inclusions was
pioneered by J. D. Eshelby. Theory of ellipsoidal inclusions has been used in engineering design
of machine components to accommodate impurities and imperfections of material with
considerable thermal expansion. It has been used in a broad spectrum of research areas such as
the propagation of cracks and the initiation of fatigue from micro defects, semiconductors,
biomechanical engineering, geotechnical applications and so on. It has been successfully
applied in modelling nanostructures, such as Quantum dots (QDs) and Quantum wires (QWRs).
A detailed review of recent works on this subject can found in [1].
Eshelby formulated the elastic fields within an ellipsoidal inclusion embedded in a
homogeneous isotropic elastic infinite matrix when the inclusion is subjected to some uniform
eigenstrain [2]. The eigenstrain is a non-elastic strain which the inclusion would exhibit if not
constrained by the surrounding matrix. It is also called ‘stress-free’ strain. The non-elastic strain
can be due to thermal expansion, misfit strain, plastic deformation, and phase transformation.
If the elastic modulus of the inclusion is different from that of the matrix, then it is called
‘inhomogeneous inclusion’. When the eigenstrain inside the inhomogeneous inclusion is zero,
it is known as ‘inhomogeneity’ [3].
A huge number of research works on ellipsoidal inclusion problems are already published.
However, a careful literature review reveals that most of the studies deal with elastic inclusions
and semi-analytical methods are also developed for the same. Elasto-plastic inclusions under
monotonic loading are discussed in [4] while such problems under cyclic loading have not
received much attention in the literature. Study of these elasto-plastic inclusions may have
potential applications in modeling internal energy dissipation (i. e. material damping) due to
elasto-plastic flaws within the material [5].
In this paper, we study the stress-strain behavior of a single elasto-plastic ellipsoidal
inhomogeneous inclusion embedded in an unbounded homogeneous isotropic elastic matrix
under sinusoidal loading using ABAQUS, a finite element package. Both perfectly plastic and
linear isotropic hardening material behavior, along with J2 flow theory, are considered for the
elasto-plastic inclusion in the simulations. Details of the simulations are discussed below.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

Stresses (in MPa)

Figure 1 shows the plot of σxx in one quarter of the model of an ellipsoidal inclusion embedded
inside a matrix. In finite element simulation, an ellipsoid of semi-axes lengths 1 mm, 0.75 mm
and 0.5 mm is considered as an inclusion and a cube of 20 mm edge length is taken as a matrix.
The dimensions are taken such that the matrix acts as an infinite material body to the inclusion.
The Young’s modulus and the Poisson’s ratio of the matrix are chosen as 200 GPa and 0.3,
repectively and those of the inclusion are chosen as 120 GPa and 0. 28, respectively. The initial
yield strength and elasto-plastic modulus of the inclusion are taken as 40 MPa and 10 GPa,
respectively. Far-field stresses in Voigt’s notation are (150, 200, -110, 80, -150, -140) MPa. The
load is applied in 200 steps using an artificial time that goes from 0 to 1, called normalized load
step. The load is applied in sinusoidal pattern with three load cycles. Figure 2 shows the stress
behavior inside the inclusion for the above model under the cyclic far-field stresses.

𝜎𝑧𝑧
𝜎𝑧𝑧

Normalized load step
Figure 1. Plot of 𝜎𝑥𝑥 in one quarter of the model at a
normalized load step of 0.3. The variation of 𝜎𝑥𝑥 within
the inclusion is small.

𝜏𝑧𝑥
𝜏𝑧𝑥
𝜏𝑧𝑥
𝜏𝑧𝑥
𝜏𝑦𝑧
𝜎𝜏𝑥𝑥
𝑦𝑧
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑦𝑦

Figure 2. Stress components inside the ellipsoidal
([1, 0.75, 0.5] mm) elasto-plastic (linear isotropic
hardening) inclusion under sinusoidal loading.

The result shown in Figure 2 is consistent with the definition of linear isotropic hardening
material behavior i. e. the yield strength increases with increasing plastic strain. Result for only
one case is shown here. Results for other cases will be discussed in the full length paper.
The major contribution of this paper is the preliminary study of stress behavior inside an elastoplastic ellipsoidal inhomogeneity under sinusoidal far-field loading. In future, a semi-analytical
method, based on Eshelby’s approach, can be developed for the same.
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1. INTRODUCTION & OBJECTIVE

Laminated composites are widely used in aerospace, civil, marine, sports and petrochemical
structures due to its properties like light-weight, high strength and stiffness. The structural
components made of laminated composite material may exposed to severe thermal
environment which can leads to the instability behavior of these structural components. So it
is very important to explore the instability behavior of laminated plates under thermal
environment for efficient structural design. The recent advancement in manufacturing process
shows that the addition of CNTs can improve the mechanical properties of the structural
components leading to CNT reinforced laminated composites(CNTRC). The impact of
thermal environment on the stability behavior of laminated composite plate and shell panels
have studied by many researchers. Recent studies have shown that the functionally graded
materials have improved the performance of composite structural elements when subjected to
thermal environment. This has brought the attention of many researchers to study the behavior
of Graphene/Carbon nanotubes (CNTs) reinforced functionally graded composites. It is
observed from the brief review existing literature that most of the studies of CNTRC plates are
confined to stability analysis under mechanical loadings. However, these structural elements
may also get exposed to thermal environment. Thus, a comprehensive investigation of
stability behavior of these functionally graded (FG) CNTRC plates subjected to thermal
environment is needed to improve the performance. It is also a well known fact that the
properties of constituents materials in CNTRC depends on the temperature variation. Thus, in
the modelling and analysis of CNTRC plates under thermal loading, the temperature
dependent properties needs to be incorporated. In the present investigation the buckling and
post-buckling analysis of the FG-CNTRC plates is carried out under non-unifrom thermal
loading. Initially, the thermo-mechanical properties are evaluated using the extended ROM
method. In presence of localized heating, all the pre-bucking stresses are exist within the shell
panel which are determined using Airy’s stress function by satisfying the strain-compatibility
relation. Then the governing differential equations are derived through variational principle
which incorporates the pre-buckling stress distribution, Reddy’s higher order shear
deformation theory (HSDT), and von Kármán non-linearity. The partial differential equations
obtained are converted to a set of non-linear algebraic equations by adopting the Galerkin’s
technique. The buckling temperature solution and the non-linear equilibrium paths of the
plates are obtained using iterative procedure and arc length method.
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2. RESULTS & DISCUSSIONS

Fig 1: Influence heating profiles on the postbuckling response of FG-X CNTRC plate

Fig 2: Post-buckling response of the FG-X CNTRC
plate subjected to rectangular heating

The motivation of the present article is to demonstrate the instability characteristics of the
thick laminated plate reinforced with FG-CNTs subjected to the thermal environment and inplane compressive loading by considering the characteristics of the material as temperaturedependent. The properties of polymer matrix (PMMA) and CNTs are considered to be vary
with temperature [4]. Fig.1 shows the post-buckling responses of the square FG-X CNT
reinforced plate [0 / 90 / 90 / 0] having volume fraction of 0.14 and width-to-thickness (b/h) is
100 subjected to rectangular, circular and full heating. The post buckling path of CNTRC
plate is normalised with critical temperature for rectangular heating pattern. It can be observed
that in case of rectangular heating the thermal post-buckling strength is higher as compared to
circular and full heating condition. This is due to the heating area of rectangular heating,
which is less as compared to circular heating when the total amount of heat provided is
constant. Whereas, Fig. 2 represents the plate with same geometrical profile and volume
fraction exposed to four different cases of rectangular heating profile and it can be observed
that on increasing the heating area the thermal post buckling strength which are normalised
with case-1 condition get reduced as the heating area increases, and this is due to the reduction
of stiffeness of plate as the heating area increases. The results are evaluated in this case for
immovable simply supported conditions. The dependency of material properties on the
temperature variation plays a significant role in the buckling strength of CNTRC panel. The
CNTRC panel exhibit lower buckling strength when material properties are considered to be
temperature dependent (TDP) as compared to temperature independent (TIP).
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Multiscale Modeling of Parkes Cantilever Beam
Kona Veera Ganesh1a, and Puneet Kumar Patra1a1
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1. INTRODUCTION & OBJECTIVE

We study the problem of Parkes cantilever beam using a multiscale framework. The problem
comprises a cantilever target which is subjected to a projectile impact at the tip. The two
scales involved in our study are -- the atomistic scale based molecular dynamics (MD) and the
continuum scale based smooth particle applied mechanics (SPAM). Both methods being
particle based, provide us an unique opportunity to compare (and possibly, improve) the
SPAM method using the inputs from the MD simulations. The purpose of this study is to
compare the effects of different corrections proposed within the SPAM framework, and see
which of the results yield a solution closer to MD simulations. For this purpose, three
corrections -- Artificial viscosity correction, XSPH correction and Jaumann stress rate
correction are studied. The comparison is made by looking at the deformation / fracture
pattern, the radial distribution function, the centrosymmetry parameter and the shear strain.
SPAM [1] is one of the simplest mesh-free or particle based methods at continuum scale. It is
a grid-less Lagrangian mathematical technique developed initially for astrophysical and
cosmological problems. It is now being widely used in the computational fluid dynamics
community, and has been extended to solid mechanics problems as well [3]. Recent results
suggest that the results from SPAM agree with those from experiments as well as other
numerical techniques [1,2,4]. Due to its particle nature, SPAM is particularly useful for
modeling fragmentation and material separation. These phenomena are typically encountered
when cracks form in the material or the object undergoes large deformations. These are not
dealt with efficiently by other numerical methods, like FEM, FDM, etc. Specifically, for better
results of SPAM, we study the effect of artificial viscosity, XSPH, and Jaumann stress rate
corrections. The artificial viscosity converts a fraction of the kinetic energy to internal energy
and smears out the discontinuities within the computational domain. The Monaghan's XSPH
correction prevents large scale particle penetration between two impacting bodies. The
Jaumann stress rate correction is used for computation of deviatoric stress tensor through
frame invariant stress rate.
MD simulations solve the Newtonian second law equations of motion for each particle. The
interaction potential is used for deriving the forces acting on the particles, and the accuracy of
the results depends on the selected interaction potential. In this work, we use the simple (m,n)
potential, which is given in equation (1):
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for modelling the particles of beam and the projectile. The parameters m and n represent
positive integer constants that define the material strength. The cross-interactions between the
particles of the beam and the projectile are modelled through a potential of the form:
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where, is the distance between the and particle,the parameter is denotes the interaction
strength between the particles, is the distance parameter,which allows soft-sphere collision
between the beam and the projectile particles, and is the length sacle parameter. Previously,
similar potentials have been used by others [1,2] for studying a multiscale phenomena.
2. RESULTS & HIGHLIGHTS OF IMPORNTANT POINTS
The cantilever beam is modeled with 5760 (240 columns and 24 rows) particles, and the
projectile consists of 576 (24 columns and 24 rows) particles. For both MD and SPAM
simulations, the particles are initially distributed as per the triangular lattice where each
particle is separated from its nearest neighbor by a unit distance. The same material properties
and geometry of lattice are assigned to beam and projectile. A comparison of the deformation
profiles obtained for both MD and SPAM simulations is shown in Fig.1. The results indicate
that MD and SPAM simulations provide similar deformation profile.

Figure.1. Deformation profile of MD and SPAM simulations after 50 time units at projectile velocity = 1.5
units.
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Prediction of Elastic Constants of Coiled MWCNT Reinforced
Nanocomposites by Finite Element Analysis
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1. INTRODUCTION & OBJECTIVE

Applications of carbon nanotube (CNT) reinforced composites are being widely used due to
its excellent mechanical property in terms of low density, strong, stiff and high value specific
strength but its applications is limited due to its waviness and agglomeration effects [1]. In
this present work, elastic constants of coiled multiwalled carbon nanotube (MWCNT)
reinforced nanocoposite are predicted using Abaqus 6.14. MWCNTs are considered as solid
annular tubes in square based prismatic Representative Volume Element (RVE). The
parameters considered are modulus ratio, λ1 (Young’s modulus ratio of CNT and matrix);
CNT aspect ratio, λ2 (CNT height and diameter ratio); CNT height fraction, λ3 (CNT height
and RVE length ratio); CNT volume fraction, Vf (volume ratio of CNT and RVE) [2]. Number
of collies of CNT, interphase properties and its thickness are varied to demonstrate their
effects. When CNT is reinforced with matrix, a layer of interphase exists between CNT and
matrix [3, 4]. The elastic modulus of interphase (Eint) plays an important role in the overall
elastic response of the composites. In this study, the variation of Young's modulus of
interphase (Eint) is considered as an exponential function between Ep and Em [3] as follows:
(

)

(

)

(1)

where Ep and Em are the Young's modulus of particle (CNT) and matrix, respectively;
and
are interphase thickness and distance from the outer surface of CNT to mid-point of
interphase. Further, the influence of imperfection in bonding between components considered
and represented by adhesion coefficient (K as 1.0, 0.666, and 0.333) for calculation of
interphase property [5]. The length of the MWCNT, outer diameter and inner diameter are
taken as 350 nm, 7 nm and 2.76 nm, respectively. Young’s modulus and Poisson’s ratio of
MWCNT are considered as 1000 GPa and 0.3, respectively [4]. The corresponding values for
epoxy matrix are 3.5 GPa and 0.3, respectively [4]. The nominal diameter of coils is taken as
17.5 nm. The ranges of interphase thickness are varied as 0 to 2.72 nm [4]. The typical
number of nodes and elements (linear tetrahedral elements) are 72262 and 354099,
respectively. The typical RVE with mesh and CNT with different number of coils (N) are
presented in Figures 1(a) and 1(b), respectively. To demonstrate the effect of coils, straight
CNTs are also considered (N=0). The elastic properties are homogenized and extracted by
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using Abaqus plugin tool [6]. The Young’s moduli of interphase considered in FE analysis are
extracted from Eq. (1) for different interphase thickness.

Figure 1. Typical representation of (a) coiled CNT inside RVE (some portions of RVE is not shown) and (b)
CNT with different number of coils (N).

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The variations of E11 and E22 versus no. of coils of MWCNTs are shown in Figures 2(a) and
2(b), respectively. Results show that E11 and E22 values are higher for higher Vf and λ3. E11
value reduces with no. of CNT coils (N). In case of E22, the values decreased up to N=5, and
then increase for N=7. The effects of thickness and adhesion coefficient of interphase are
presented in Figures 3(a) and 3(b), respectively. It is observed that directional Young’s
modulus of the nanocomposite is higher with higher CNT height fraction and CNT volume
fraction. Interphase plays a significant role of overall modulus. However, effectiveness of
CNT reduces with more number of CNT coils.

Figure 2. (a) E11 and (b) E22 versus number of CNT coils for λ3=0.4, 0.6 and 0.8 with Vf =1.0%.

Figure 3. E11 versus λ3 with Vf =1.0% and N=3 for (a) different interphase thickness (b) different values of K.
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Transient response analysis in a cylindrical viscoelastic
waveguide using nonlinear model
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1. INTRODUCTION & OBJECTIVE

The analysis of ultrasonic wave propagation in an axisymmetric viscoelastic cylindrical
waveguide under time-dependent preload requires investigation of the transient response for
understanding the dynamics of a multi-wire structure for nondestructive evaluation and health
monitoring applications. The purpose of this paper is to establish a platform for calculating the
time-transient response of waveguide for propagating acoustic emission (AE) signal using a
semi-analytical finite element (SAFE) method. The time-transient response analysis is carried
out in the frequency domain, which combines the Fourier transform and Cauchy residue
theorem. The fundamental idea is to use the modal superposition method to calculate the
frequency response at each point and then utilize the inverse Fourier transform to convert the
response to the time domain. For the numerical investigation, an axisymmetric SAFE method
is used to simulate the AE signal propagating in infinitely long, high-strength steel wire with a
diameter 5mm. The time-dependent loads used in the numerical investigation for analyzing
time-transient responses are narrowband and broadband excitations. In order to consider the
contact state and friction effects of the surrounding steel wires in the multi-wire environment, a
nonlinear model for transient response analysis is developed. A nonlinear device consisting of
contact springs and friction type dampers is considered to account for the contact state and
friction effects of the surrounding steel wires. The investigations are carried out with a single
set and two sets of nonlinear devices, under various stiffness values and preload conditions to
understand the response characteristics. The estimated value of the contact spring stiffness is
based on the calculation of the Hertz contact width between the steel wires when the seven-wire
steel strands are under tension. From observation, the expected nonlinear features input highfrequency fluctuation components into the original ideal linear system and cause extended highfrequency fluctuation regions at the tail of the waveform. The proposed nonlinear model for
analyzing the preload condition in the axisymmetric viscoelastic waveguide showed a possible
way for guided wave propagation-based health monitoring applications for prestressed bridge
cables and overhead transmission line conductors.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The following discussions are derived from the research work,
• The distinctive features of an axisymmetric SAFE formulation have been explored for
understanding the time-transient response of cylindrical viscoelastic waveguide excited by the
narrowband tone burst.
• If the material of the waveguide medium is considered to be viscoelastic, the energy velocity
plot is almost the same as the group velocity, and the attenuation factor is still at a lower level
1
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around the center frequency of 0.2MHz. It can be seen that the vibration amplitude decreases
rapidly with the increase of the propagation distance. This trend is due to the combined effect
of wave dispersion and damping dissipation, among them, the damping effect is dominant.
• The novelty of the present work is to propose a simplified nonlinear model with contact spring
and friction damper to account for the contact and friction forces between the steel wires. The
estimated value of the contact spring stiffness is based on the calculation of the Hertz contact
width between the steel wires when the seven-wire steel strands are under tension. Based on
this, the stiffness of the distributed contact spring is calculated. The addition of distributed
spring sets over a length is equivalent to several centralized contact springs for this simplified
model.

Figure 1. A nonlinear simplified model of active steel wire

• For two sets of nonlinear devices, the amplitude of its high-frequency components decreases
as compared with the case of a single contact spring, and it shows an extension in the time
domain. It shows the result of the interaction between the responses caused by two sets of
nonlinear devices. If multiple nonlinear devices are considered, this effect will be further
amplified.
• According to the simplified nonlinear model (Figure 1) proposed in this paper, the nonlinear
disturbance factors around the active wire may introduce high-frequency signal components
into the original ideal linear signal, which have little effect on the longitudinal velocity and a
substantial effect on the radial velocity response.
• As acoustic emission signal propagating through the steel wires is bound to be affected by the
contact and friction of the surrounding wires, the proposed model will account for the nonlinear
characteristics. Henceforth, the guided ultrasonic wave propagation based nondestructive
evaluation for prestressed bridge cables and overhead transmission line conductors can be
attempted with the proposed model for understanding the potential of time-transient responses
in multi-wire viscoelastic waveguide medium.
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A numerical approach to model heterogeneity of concrete in RC
beam subjected to impact loading.
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1. INTRODUCTION & OBJECTIVE

A numerical approach is ventured in this paper to include inherent material heterogeneity of
concrete when reinforced with steel rebars and subjected to high-intensity, short-duration impact
loading. Avoiding cost-exhaustive real-life experiments, whenever this impact event is simulated,
target material is generally assigned homogenous (isotropic/orthotropic/functionally graded)
strength parameters [1, 2]. Although the reinforcing rebars have been modelled as separate
elements in earlier studies to accommodate the ductility and tensile strengthening in flexure,
seldom the concrete is focused upon. However, it is well established that concrete constituent
materials contain distinct properties, particularly the aggregates acquiring most of the volumes
providing major load-carrying capacity and the cement mortar proving the transition zone and
binding. And specifically in damage propagation studies, this heterogeneity plays important role
yielding dynamic crack kinking from the aggregate mortar interfaces. This crack deflection may
significantly alter the global failure patterns of the target specimen. So it is imperative to study
the effect of this heterogeneity considering the aggregates and the mortar as separate phases.
To accommodate the heterogeneous behavior of materials, insertion of inclusions which can be
of random shapes/sizes and varying strengths are generally employed. This inclusion can act as
inherent flaws, voids, fibres, dispersed secondary reinforcements etc. In the current study, coarse
aggregate is considered as the inclusion. Now, as the Weibull statistic has been applied to
characterize the material parameters of brittle solids in various literature [3], here the strength
such as elastic modulus of the aggregate is assigned randomly following Weibull distribution.
Then the material behaviour is simulated using concrete damage plasticity model. Numerical
simulation for the impact test is being carried out in the finite element based software Abaqus/CAE in the dynamic explicit package. The current objective is to investigate the effect
on the global impact response when randomly shaped aggregates in form of randomly assigned
stronger inclusions are incorporated in a simply supported RC beam. To this end, the major
influencing energy quantities such as damage dissipation energy (DDE) and plastic dissipation
energy (PDE) are obtained for both homogeneous and heterogeneous target. And their effect on
the failure pattern and the ballistic performance is investigated
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINT
For the validation purpose, the geometry, material parameters and impact severance is
benchmarked as per the specification given by Fujikake et al, 2009 [4]. For the contact algorithm,
kinematic contact method is applied in surface to surface contact (Explicit). Both the main and
shear reinforcements are inserted in the beam using embedded constraint as the perfect bond is
assumed to exist between the concrete and reinforcement. After selection of suitable mesh size
by mesh-convergence study, both the models (with and without heterogeneity) were found to
1
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have good agreement with the experimental and numerical result available in literature [4] in
respect of peak impact force and maximum mid span deflection. Further the global damage
patterns in concrete which is cracking in tension and local crushing near impact zone were
coherent for different impactor momentum and energy.

16.8%

18%

Figure 1 .Comparison of DDE and PDE for the Heterogeneous and Homogeneous Model.

Now DDE and PDE of the whole target are extracted for a particular impact event for both the
cases (with and without proposed heterogeneity modelling). Firstly, PDE is found to be higher
and extending over longer time duration as compared to DDE. It is evidently because of the fact
that damage dissipation is comparatively a localised phenomenon, whereas plastic dissipation
occurs over larger region and over longer period. Now, as shown in the figure 1, the
heterogeneous model depicted ~16.8% drop in PDE probably because of enhanced load carrying
capacity offered by the exclusively modelled aggregates. It is worthwhile to mention that total
mid-span deflections obtained from both the models are comparable indicating similar elastic
work done. However, investigation of DDE denoted ~18% increase in case of heterogeneous
modelling probably because of more damage concentration for impendence incongruity at the
interfaces. Further average number of cracks obtained were more in case of such heterogeneity
indicating conservative estimate of ballistic behaviour in case of homogeneity.
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Analytical solution for buckling of rectangular plate
subjected to non-uiform uniaxial compression using FSDT
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1. INTRODUCTION & OBJECTIVE

In this research article,attention is focused on stability analysis of a rectangular isotropic plate
subjected to various type of non-uniformly compressed uniaxial edge loads.Most of the
available literaturedescribe the buckling of rectangular platesdue to compressive or shear
loads wheresuch loads are uniformly distributed along the edges[1].However, in practical
applications,plates are often considered to be portions of much larger built-up structures and
the loads that causes buckling are those exerted by the adjoining structural elements [2].
Hence, the actual distribution of the loads on the boundary of small rectangular portion under
consideration is difficult to figure out as the elastic force distribution vary from structure to
structure and it requires the modeling of entire built-up structure.So,it is equally important to
examine the influence of various non-uniform simple edge load distributions and to analyse
their effect on buckling behavior of the plate qualitatively.
An extensive literature survey on buckling of isotropic rectangular plate subjected to different
types of loading and boundary conditions has been carried out. From the literature survey, it is
noticed thatanalytical solution for the buckling of isotropic plate under non-uniform edge load
distributionsusing First-order Shear Deformation Theories (FSDT)has received very little
attention. By the implementation of FSDT, the solution will be applicable to thicker plates.
Therefore, the objective of this work is to present an analytical solution for the buckling
behavior of simply supported rectangular plate under the influence of various non-uniform
edge load distributions by using FSDT.The solution is carried out using a two steps procedure
– first, determination of inplane stress field and second, computation of buckling load using
Galerkin’s approach. For the in-plane stress field, the solution procedure is adopted from Jana
and Bhaskar [3]. This approach is based on the superposition of three Airy’s stress functions
which are to be suitably obtained for each non-uniform uniaxial compression applied at the
opposite edges (as shown in Fig. 1). After obtaining the stress field within the plate, the same
has been used in the compution the buckling load using Galerkin’s method. The differential
equations governing the buckling of rectangular plate based on FSDT aregiven below [4]:
ks A55 (w 0 ,xx x,x )  ks A44 (w 0,yy  y,y )  Nxx w 0,xx  2Nxy w 0,xy  N yy w 0,yy  0
D11x,xx  D12 y,xy  D66  x,yy  y,xy   k s A55  w 0,x  x   0

D66  x,xy  y,xx   D12 x,xy  D22  y,yy  k s A 44  w 0,y  y   0

For the Galerkin’s approach, suitable trial functions are assumed for w ,  x and  y that satisfy
the simply supported boundary considtions at all four edges of the plate.
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(a) Sinusoidal Load

(b) Triangular Load

(c) Reverse triangular load

(d) Reverse sinusoidal load

Fig. 1 Four non-unform uniaxial compressive load cases considered in the analysis.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Based on superposition approach for two dimensional in-plane stress analysis and Galerkin’s
method for stability analysis, convergent buckling results have been obtained for the buckling
loads of rectangular plate corresponding to different uniaxial compressive load distributions.
A comparision of non-dimensional buckling load based on CPT and FSDT has been presented
in the table given below.
Table 1.Total buckling load (values for K inPcr=Kπ2D/b) for five different load cases. b/h=10, k s =5/6.
Load Cases

Square Plate

Rectangular Plate (a/b=2)

Ref. [1] (CPT)

Present (FSDT)

Ref. [1] (CPT)

Present (FSDT)

Triangular Load

3.339

3.157

3.576

3.442

Sinusoidal Load

3.450

3.263

3.656

3.503

Uniform Load

4.000

3.800

4.000

3.800

Reverse Triangular
Load
Reverse Sinusoidal
Load

4.934

4.663

4.350

4.207

5.438

5.131

4.456

4.411
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REMARKS ON THE DYNAMIC RESPONSE OF IRREGULAR
ORTHOTROPIC VISCOELASTIC HALF-SPACE SUBJECTED
TO A MOVING LINE LOAD
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ABSTRACT
In this paper, we analyse that effect of induced stresses (compressive, shear and tensile) due to moving
line load on irregular functionally graded orthotropic viscoelastic half-space. The expressions for said
induced stresses are deduced in closed-form using analytical approach. The effect of various physical
parameters viz. maximum depth of irregularity, functionally gradedness, irregularity factor, and
frictional coefficient on induced stresses for concerned cases has been investigated. To depict the
outcomes numerically, the half-space comprised of
Carbon-fiber, Prepreg, and
T300/5208/graphite/epoxy material have been taken into account and the observations are highlighted.
Moreover, some notable characteristics have been outlined and delineated through graphs.

Fig.1 Geometry of the problem

Keywords: Moving load, induced stresses, orthotropic viscoelastic, functionally graded.
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1. INTRODUCTION & OBJECTIVE

In this present study on Effect of floor plan shape on seismic response of base-isolated buildings,
linear modal time history analysis has been done on 9 models of 15 story building. The
modelling consists of different floor plan shapes buildings such as Square shape plan,
Rectangular shape plan and H-shaped plan building with varying base such as fixed base, lead
rubber bearing and friction pendulum system respectively. The time history analysis (THA) has
been done on the basis near fault ground motion data of El Centro city taking IS 1893:2016 into
consideration. The seismic zone V and soft soil is selected for the THA of the all the models.
The modelling and analysis has been done with the help of software ETABS version 17.0.1 and
the responses recorded are such as maximum story displacement, maximum story drift,
maximum story acceleration, maximum base shear, maximum absolute joint acceleration at the
joint 1 of the top story and modal time period. The response recorded are compared on the basis
of similar plan shapes with the different bases. As we all know the population is growing
extensively so the need of multistory residential buildings is also increasing and hence they are
exposed to seismic destruction in earthquake prone zones. In this study the efforts must be made
to conclude how effectively LRB & FPS reduces such damages so that a structural engineer can
enhance the stability of the structure and can save valuable life and money in earthquake prone
zones.
We are living in a time of in which everyone is quite familiar with the earthquake phenomenon
of the ground and can cause severe damage of structures and lead to losses of life and economy.
The base-isolation is a technique which decouples the superstructures from the substructure by
introducing flexible bearings or pads such as rubber or isolator plates in between them and hence
we can isolate the building from the harmful seismic waves coming from the grounds towards
the stories of the buildings.
In the present study we have analyzed the 15 storied multistory building having floor plan
shapes such as square, rectangular and H-shaped buildings with three different bases such as
fixed base, LRB and FPS at the base of building individually. The responses recorded by the
linear modal time history analysis has been compared on the basis of similar floor plan shape
of fixed base building with the different base-isolated buildings. The modelling and analysis
has been done with the help of software ETABS version 17.0.1. ETABS is an integrated
building design software used for modelling and structural analysis of building structures. It is
the product of a well-known structural and earthquake engineering software company named
Computers and Structures, Inc. (CSI) founded in 1975. ETABS is a commonly used software
in the society of structural engineering for the building modelling and analysis. Time history
analysis is the dynamic analysis of the structure with time and function value taken from a
previous earthquake through which we can analyzed the responses of a structure and their
structural stability if earthquake of same magnitude generates beneath the earth near our
selected building structures. With the help of time history analysis, we can see the behavior of
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a building at each instant of time in between the time range of presence of seismic waves. There
are different organizations which keeps the data of all the earthquake ground motions generated
in past and will help the engineers as a resource for analysis of structures. In this present study
the responses recorded are such as maximum story displacement, maximum story drift,
maximum story acceleration, maximum base shear, maximum joint acceleration at joint 1 of the
top story and modal time period of all the models used for analysis. Total 9 models have been
prepared as each plan shapes with fixed, LRB and FPS base. Fig. 1 (a), (b) & (c) shows the
considered plan shapes of square, rectangular and H-shaped building models respectively.

(a)

(b)

(c)

Figure 1. Plan Shapes of Square, Rectangular & H-Shaped Buildings

2. CONCLUSIONS
The essence of the analytical results of this study states some general conclusions and utterly
confirms the practical aspects of base-isolation on seismic responses of different plan shape
buildings. In brief the results of analysis concluded as Reduction in Maximum Displacement of
Top Story, Reduction in Maximum Drift of Top Story, Reduction in Maximum Acceleration of
Top Story, Reduction in Maximum Base-Shear at Base, Reduction in Maximum Absolute Joint
Acceleration at Joint 1 of Top Story, Amplification of Modal Time Period.
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1. INTRODUCTION & OBJECTIVE

The hilly regions of north India are developing at a rapid pace, resulting to construction of
high-rise buildings on sloping grounds. Due to the limitations posed by the topographic
conditions of hilly region, buildings have highly irregular configurations in comparison to
buildings located on flat ground. Forces generated by earthquakes are enormous and dynamic
in nature. Since these buildings are asymmetrical in nature, huge amount of shear forces and
torsional moments are attracted by them due to their irregular column height experiencing
seismic loads [1]. Dynamic characteristics of these irregular buildings are different from the
buildings located on plane topography. As foundation of these buildings are located on
different levels of the ground, short columns experience high stiffness and brittle failure [2].
The main objective of this paper is to compare the seismic performance for buildings at
different slopes considering both with and without infill walls to suggest the best
configuration. Eight SMRF setback buildings has been designed according to Indian standard
code and Federal Emergency Management Agency (FEMA) considering direct displacementbased design (DDBD) approach. Performance based design method is a new technique where
displacement and rotation are considered as target performance, since force is not a good
indicator of damage and cannot be measured. For life safety category 2% target drift is
considered for the designing of buildings [3]. Present study has been carried out at the famous
tourist destination Dehradun-Mussoorie region situated in the state of Uttarakhand, India.
According to study, 55% buildings of this region are not designed as seismic resistant
structures though it comes under seismic zone IV having zone factor 0.24, with soil type II.
However, four buildings have been taken as a frame building without infill walls (S0, S15,
S30 and S45) and the remaining four were taken as a building with infill walls (IN0, IN15,
IN30 and IN45) located on different slopes 0°, 15°, 30° and 45° respectively [4]. Threedimensional building model has been created in the building analysis and design software
ETABS by lumped mass approach. The parameters such as inter storey drift, base shear,
displacement, stiffness, material strain and ductility demand obtained from the analysis with
DDBD approach has been compared. This study also elucidates the application of
performance-based assessment techniques to quantify the effect on seismic collapse resistance
due to specific design requirements.
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2. RESULTS AND DISCUSSION

Comparative study of different parameters of buildings located on different slopes 0°, 15°, 30°
and 45° with and without infill wall has been studied through DDBD approach. Displacement
is calculated for all the structures with brick infill and without infill. With the increment of
slope, it has been observed that there is a reduction in fundamental time period of the
structure. Storey drift is a function of inter storey displacement. A significant difference in
storey drift has been observed in the buildings with and without infill walls in Fig. 1(a).
Maximum displacement has been observed in S15 and IN30 along X and Y direction as
shown in figs. 1(b) and 1(c) respectively. Since adding infill in the model shall increase the
stiffness of the structure, but in slopes at several angles the infill structure shows large
displacement as compared to without infill structure.

Figure 1: Results at each storey for different configuration. (a) Inter storey drift (b) Displacement in X-direction
and (c) Displacement in Y-direction

Base shear is a function of storey stiffness and mass. Maximum base shear has been observed
in IN45. Building with brick infill shows larger stiffness irregularity as compared to building
without infill. With increase in the ground slope, top storey acceleration also increases.
Buildings with infill walls shows higher storey acceleration as compared to buildings without
infill walls.
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1. INTRODUCTION & OBJECTIVE

Hybrid structures are new and improved advance structures which have gained immense
popularity because of its exclusive properties such as high temperature resistant, corrosion
resistant, low weighted and at the same time not compromising with the strength and stiffness.
Because of these properties these structures have wide range of applications in the field of
aerospace, marine, automobile and civil construction. For the present study, the hybrid
structure of cylindrical shell geometry is considered, which is composed of sandwich structure
integrated with functionally graded material. Designing and analysing of these hybrid
structures is quite difficult than that of conventional materials, because the variation of
materials and geometrical properties of conventional materials from the nominal value is little
or well known. But for safe and economical design of these hybrid FG sandwich structures, it
is very necessary to consider these uncertainties [1]. Uncertainty in the field of dynamic
stability of composites was studied by various researchers [2,3].
This paper presents the effect of thickness on probabilistic natural frequencies of cylindrical
shells composed of hybrid functionally graded sandwich materials, where the top facesheet of
sandwich structure is replaced by functionally graded material while the bottom facesheet is
that of laminated composites. An eight noded isoperimetric quadratic element is considered
for the finite element formulation. The power law is employed to construct the material
modelling of hybrid FG-sandwich cylindrical shells. Monte Carlo Simulation (MCS) is carried
out in conjunction to standard eigenvalue problem. The polynomial chaos expansion (PCE)
model is used as a surrogate for the reduction of computational iteration time and cost and
validated with the traditional MCS model. The statistical analyses are conducted to portray the
first three probabilistic natural frequencies. Sensitivity analysis is also carried out to
enumerate the significant important input parameters contributing to influence the output
quantity of interest (QoI). In the present analyses, the statistical results obtained are the first
known results.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
In the present study, Monte Carlo simulation is used for predicting the probabilistic natural
frequency analysis of hybrid FG-sandwich cylindrical shells having Rx = R, Ry = infinite,
where, Rx and Ry are radius of curvature in x and y- direction respectively. In the present FE
formulation, an eight noded isoperimetric quadratic element is considered. As a surrogate,
polynomial chaos expansion (PCE) is employed (refer to Figure 1(a)).
The first three probabilistic natural frequencies are determined by varying the thickness of
hybrid FG-sandwich cylindrical shells i.e. 0.01m, 0.03m, 0.05m and 0.07m. The results show
(refer to Figure 1(b)) that due to the increase of the shell thickness, the values of both
deterministic, as well as the stochastic mean of the first three natural frequencies, increases
along with the subsequent increase in sparsity. Further sensitivity analysis is also carried out
which shows the influence of individual material properties.

(a)

(b)

Figure 1(a): Scatter plot for the first natural frequencies (rad/s) considering PCE surrogate model for sample size
of 256, 512 and 1024. (b): Probabilistic natural frequencies of hybrid FG-sandwich cylindrical shell with varying
thickness

Based on polynomial chaos expansion (PCE) model in combination with finite element (FE)
formulation, the natural frequencies of hybrid functionally graded (FG) sandwich cylindrical
shell is studied. The surrogate used increases the computational efficiency along with the
reduction in computational cost. The novelty of present work includes the effect of thickness
on probabilistic natural frequencies of hybrid FG-sandwich cylindrical shells.
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1. INTRODUCTION & OBJECTIVE

The performance of nonlinear isolators on the mitigation of seismic responses of the isolated
structure is investigated. The isolated structure is designed as a shear-type structure with lateral
degree-of-freedom. There are three different types of nonlinear isolators are adopted, namely,
Lead rubber bearing (LRB), New Zealand bearing (NZ), Resilient friction base isolation (RFBI)
and High damping rubber bearing (HDRB). The governing equations of motions for the isolated
structure are derived and solved in the incremental form using Newmark’s step-by-step method
of integration. The variation of peak structural displacement for various nonlinear isolators
under different earthquakes is computed to study the optimum resistance capacity of each
isolator. The displacement response of the isolated system with different combinations of
structural configurations, isolation systems and the ratio of isolator to super structural mass of
the system is investigated. A comparison of the response of the isolated structure is made with
the corresponding response obtained from non-isolated structure. It is observed that the seismic
response of the isolated structures reduces significantly in comparison with the non-isolated
structures depicting effectiveness of the seismic isolation done through the base isolation
technique. The influence of the hysteresis loop on the response of isolated structure is studied
under the variation of important system parameters such as isolator yield displacement,
superstructure flexibility and isolation time period for each adopted isolator. The NZ system
provides a significant seismic resistance to the isolated structure.
Base isolator widely applied to control the seismic responses of the structures subjected to
strong ground motions. Among all the developed isolators, the sliding system is modelled as a
2DOF system and excited by harmonic loading; an analytical solver is developed [1]. The
seismic response of the structures is mitigated by a combination of dampers like isolated
structures with tuned mass dampers[2]. The performance of the base-isolated structures have
identified by inducing a different kind of friction-based base isolators in the system and the
parametric study conducted to identify the difference between them[3]. Seismic responses of
the bridges are also mitigated by the periodic one-dimensional base isolator [4].
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Table 1. Values of structural displacement and reduction percentage of isolated structure under different

earthquakes. All the values are evaluated by using four adopted nonlinear isolators.
Earthquake

Displacement (m)

Reduction (%)

Normal

HDRB

LRB

NZ

RFBI

HDRB

LRB

NZ

RFBI

Kobe

0.0197

0.003

0.003

0.0015

0.0017

85

85

92

91

Ns EL
Centro

0.0626

0.0089

0.0089

0.0029

0.0034

86

86

95

94

Imperial
valley

0.0266

0.003

0.003

0.0019

0.002

88.7

88.7

92.8

92.5
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The reduction capacity of the NZ system is more than the other isolation devices which indicates
that the NZ system can provide optimal seismic resistance design, shown in Figure 1. In Figure
2, a parametric study is conducted considering peak structural displacement with the damping
ratio of the isolator and the mass ratio, to investigate the optimal system parameters.
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Figure 1. Variations of displacements with time considering different isolators and for different earthquakes.

The smooth transition in the hysteresis loop of the LRB, NZ and RFBI system shows the
effectiveness of the isolators on mitigation of the seismic responses under strong motions.
(a)

(b)

HDRB

LRB

(d)

(c)

RFBI

NZ

Figure 2. Variations of peak displacements with mass ratio of the isolator to superstructure for different
damping ratio of the isolator, subjected to Kobe earthquake.

REFERENCES

[1] Hu, H.-S. and M. Nakashima, Responses of Two-Degree-of-Freedom Sliding Base
Systems Subjected to Harmonic Ground Motions. Journal of Structural Engineering, 2017.
143(2): p. 04016173.
[2] Stanikzai, M.H., et al., Seismic response control of base-isolated buildings using tuned
mass damper. Australian Journal of Structural Engineering, 2020. 21(1): p. 310-321.
[3] Etedali, S., K. Hasankhoie, and M.R. Sohrabi, Seismic responses and energy dissipation
of pure-friction and resilient‐friction base-isolated structures: A parametric study. Journal
of Building Engineering, 2020. 29: p. 101194.
[4] Jain, S., et al., Application of innovative one-dimensional periodic isolation systems for
seismic response reduction of bridges. Advances in Structural Engineering. 0(0): p.
1369433219895918.
Indian Institute of Technology Kharagpur

2|Page

1st Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/VC-20-007

Effectiveness of Tuned Liquid Dampers in Improving Seismic
Response of High Rise Reinforced Concrete Buildings
Mukul Srivastava1a, Shailja Bawa1b1
a
b

Dr B.R Ambedkar National Institute of Technology, Jalandhar, Punjab, India
Dr B.R Ambedkar National Institute of Technology, Jalandhar, Punjab, India

1. INTRODUCTION & OBJECTIVE
With the progress in the discipline of structural engineering in the construction sector, there is a need for a
skyscraper and lightweight system to reduce increasing room problems in metropolitan areas, these systems are
versatile and have low damping values. Since earthquake forces are arbitrary in nature and flighty, incite
vibrations in structures, which upsets the structure by expanding the energy inside the structure framework, this
energy can be dispersed by the vibration control framework. Skyscraper structures are delicate against lateral
loads produced because of wind and earthquake forces. Dampers of these days are pursued for vibration
regulation of structures, due to their protected, efficacious, and prudent design. To control the death toll and
property, different techniques such as the shear wall, bracings, base isolation, dampers can be adopted.
TLD is a modern technique. The TLD comprises of a tank which is filled with liquid. Like a TMD, it indirectly
damps the structure, thus raising the response. TLD normally comprises a tank filled partially with fluid
(generally water), often rectangular or circular. The fluid carried in a TLD behaves as the secondary mass and
gravity impart the spring force. Tuning of TLD is made in such a manner so that the fundamental frequency of
TLD nearly equivalent to the natural frequency of the structure on which TLD is installed so that it can lessen the
dynamic response. Energy losses take place by a number of mechanisms: the viscous motion of the fluid, the
breaking of the flow, the mixing of the free surface with beads, as well as the structure and roughness of the wall
of the container. However, unlike a TMD, a TSD uses a transfer function which is amplitude-dependent based,
that is incorporated, through non-linear sloshing and breaking of liquid. Applying TLDs to diminish the
structural vibration in the structural building started in the mid-1980s, who gave the idea for the utilization of a
rectangular-shaped container filled with 2 immiscible fluids to narrow down the dynamic responses 1. 2–4 were
likewise among the first to propose the utilization of dampers using fluid movement for building. The
fundamental idea on which this damper works depends on the sloshing of fluids, for which these are now and
then termed as Tuned Sloshing Damper (TSDs). The first installation took place at Nagasaki Airport Tower,
Nagasaki Japan, which is 42 meters high. 5 in 1987, a temporary implementation was done to check the efficacy
of TLDs in minimizing structural vibration. He found, with the use of 25 vessels of TLD, there was a reduction in
the amplitude of vibration by 44% while the reduction in RMS displacement was approximately 35%.
This work is based on analytical analysis on ETABS to evaluate the optimal TLD depth ratio for an existing
structure. The structure is G+15 reinforced concrete construction with a 1 basement and a TLD placed on the
terrace. The TLD is used as a passive damper to reduce a structure's seismic activity when it is subjected to
horizontal sinusoidal excitation. In this paper, a distinction is made using Equivalent Static Analysis (ESA) and
Time History Analysis (THA) approach on the structure without TLD (the normal structure) and with TLD. In
this work, four depth ratios 0.2%, 0.3%, 0.4%, and 0.5% respectively are used for estimating base shear,
maximum storey displacement, storey drift, spectral displacement, and spectral acceleration have been compared.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
ESA method shows, installation of TLD narrows down the base shear, maximum storey displacement, and storey
shear in a significant amount with all the depth ratios. But by THA analysis TLD with 0.2% of depth ratio
abruptly increases the above parameters. TLD performed very well in almost every aspect. So TLD with 0.30.5% of depth ratio can opt as the optimum depth ratio for the normal structure.
TLD with a 0.2% of depth ratio should never be recommended for the normal structure otherwise it will cause an
adverse effect on structural integrity.
The static approach received higher displacement values than the dynamic method, so dynamic analysis for highrise structures should be executed to achieve reliable results.
The results of this work reveals that the usage of TLD with optimum depth ratio narrow downs, the key
parameters such as base shear, storey displacement, storey drift, spectral displacement, and spectral acceleration
in a significant amount.
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1. INTRODUCTION & OBJECTIVE

Heating, ventilation, and air conditioning(HVAC) system is used in industrial, residential and
institutional building to provide comfort in hot and humid conditions in which duct used for the
air distribution [1]. But discontinuities in the ducts lead to the noise generation due to airflow
[2]. People Spent 87% of their time in enclosed buildings, which includes eight hours per day
of office work [3]. Noise exposure leads to various problems like headaches, heart disease,
tinnitus, and myocardial infarction [4–6]. Hence it becomes necessary to control the indoor
noise. Helmholtz resonator (HR) is a well-known acoustic element. It has proved that by
adjusting the geometry of Helmholtz resonator, one can achieve attenuation at the desired
frequency[7]. This type of resonator is only able to reduce the noise in a very narrow band. This
study aims to broaden the band of noise attenuation and also provides an idea to reduce the
noise at low-frequency regions. Our aim of the study is focused on the low-frequency noise
cancellation using a different array of Helmholtz resonators. These types of tuned Helmholtz
resonators can be effectively utilized in ductwork systems to have low noise ventilation.
1.1 Method of study: Various three-dimensional models of Helmholtz resonators studied using
the Finite Element Method in software COMSOL. Using Plane-wave radiation conditions at the
ends and sound hard boundary conditions in the remaining boundaries with air as a medium, a
study in the frequency domain has performed [8]. Tetrahedron mesh with minimum element
size 𝜆 /15 (𝜆: wavelength corresponding to maximum frequency) has used in the finite element
model. Transmission loss (TL) for the various geometry is calculated
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS

The various configuration of the arrays Helmholtz Resonator is shown in the given Fig.1. The
table shows the geometrical parameters of the Helmholtz resonators with the resonance
frequency. The radius of the neck is 15.5mm, and the duct is 22.5 mm. The size of the neck and
duct is the same in all configurations.
Configuration

Radius of cavity
(mm)

Height of cavity
(mm)

Resonance Frequency
(Hz)

HR-1

22.5

50

530

HR-2

22.5

60

480

HR-3

22.5

70

442

HR-4

30

60

364

HR-5

32.5

65

322

HR-6

32.5

102

354

Table 1
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Fig-2 Frequency vs Transmission Loss (TL)
Fig-1. Geometry of
Helmholtz resonators

arrays

of

different
Fig-2 Frequency vs Transmission Loss

Some important points related to the study are:
1. Adding the number of Helmholtz resonators circumferentially over the duct widens the
attenuation frequency band of Helmholtz resonator due to the combined effect of resonance and
Bragg reflection.
2. Arranging the different array of different Helmholtz resonators leads to attenuation at lower
frequencies ranging from 50Hz-800Hz, which can be further improved by adding more
Helmholtz resonators.
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structure for the variation of angle of incidence due to NF ground
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1. OBJECTIVE

The aim of this study is to determine the overall response of symmetric structural elements
due to bi-directional near-fault (NF) ground motions using the variation of angle of incidence
owing an inelastic response. In this way structural response of an idealized SDOF symmetric
system has been evaluated for the entire 360° orientation of ground motion and presented the
critical responses for every 15° interval in anticlockwise sense.

2. METHOD OF ANALYSIS
The non-linear equation of motion are numerically solved in time domain using Newmark’s βγ method and by the by modified Newton-Raphson technique is used for iteration. The
Newmark’s parameters are chosen as β = 0.25 and γ = 0.5.

3. RESULTS
The response under bi-directional components for symmetric structure is computed for θ
varying over 0-360° at an interval of 15° clearly shows that the inelastic response under bidirectional shaking is quadrant wise repetitive and relatively differ for all values of θ with
time interval and different ductility reduction factor for various time periods. This
immediately leads to the impression that the response owing to bi-directional shaking
estimated for appropriate angle of incidence. The normalized displacement values for 15 NF
ground motions are varying for the different reduction factor with critical response
incorporating angle of incidence. It appears that, for certain values of θ, the critical response
under bi-directional excitation is maximum.

4. CONCLUSIONS
This study examined that the potential to occur when bi-directional ground motion is applied
at any angle other than the traditional 0° and 90°, that is angles that co-inside with the
principal directions of the building under consideration. This study clearly demonstrate that, in
general, inelastic deformation demands are underestimated when the ground motion are
applied along the principal orientations of an inelastic structure. The observations and findings
presented in this work are applicable to buildings and ground motions with characteristics
consistent with the idealized structure in this study. This implies that performance analysis
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and damage assessment based on the inelastic deformation demands will be dependent on the
angle of incidence of the ground motion input. Thus, the performance assessment and design
verification of structures designed to undergo inelastic deformations should conducted with
bi-directional ground motions applied at the various angles with respect to the principal
orientations of the buildings. The maximum response in particular angle of incidence is being
detected where the structural elements are mostly damaged. The maximum displacement is a
measure of the damage caused by the large seismic pulse in the applied ground motion while
percentage of damage accumulated through all the ground acceleration history.

Indian Institute of Technology Kharagpur

2|Pa g e

1st Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/VC-20-013

Inelastic seismic response of multi-story R/C structural system
due to NF ground motion
Krishnendu Chowdhury1a, Utsha Chowdhury1b
a
b

Faculty, Narula Institute of Technology, Kolkata, India
Faculty, Narula Institute of Technology, Kolkata, India

1. OBJECTIVE

The purpose of this study is to determine the overall seismic response of asymmetric MDOF
structural elements due to bi-directional near-fault (NF) ground motions owing an inelastic
seismic response.

2. METHOD OF ANALYSIS
The non-linear equation of motion are numerically solved in time domain using Newmark’s βγ method and by the by modified Newton-Raphson technique is used for iteration. The
Newmark’s parameters are chosen as β = 0.25 and γ = 0.5.

3. RESULTS
This additional vulnerability in the bidirectionally eccentric system relative to its
unidirectional counterpart may be attributable to the effective action of two torsional moments
generated in the former compared with a single torsional moment in the latter. Similar
increases in the flexible side response of three-story unidirectionally and bidirectionally
eccentric systems. Comparison of peak response quantities for low-rise multistory systems
with those of single-story systems one may demonstrate an amplification in normalized
displacement response ranging from 23% (for a small eccentricity system) to approximately
88% (for a large eccentricity system). Asymmetric systems with τ < 1 exhibited higher
response in the flexible-side element (i.e., three times relative to the symmetric counterpart),
whereas systems with τ > 1 displayed a larger response in the stiff-side element (i.e., two
times). This increase in response seems higher than that for multistory regularly asymmetric
systems.
4. CONCLUSIONS
In this study, low-rise buildings with irregular eccentricities at various stories may experience
higher response relative to those with similar eccentricities at all stories, even though the
magnitudes of eccentricities in some of the stories are lower in the former. Further, the seismic
demand of load-resisting elements appears to vary irregularly as a result of the storywise
variation of eccentricities. The stronger vulnerability of asymmetric systems with varying
story eccentricities seems to be a consequence of the complex participation of various torsiondominated modes, unlike the dominance of a single torsional mode in a regularly asymmetric
system. These dynamics, observed in this study, appear to be important from the viewpoint of
mechanics.
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1. INTRODUCTION & OBJECTIVE

As the evolution of civilization took place, the shelter became the primary need. There emerged
a demand for construction of the permanent structure to repel environmental risk and
community resilience. Then the permanent structure came to existence with the increase in the
dimension and change of material used for the construction to build a stable structure against
all the stakes. In this journey, the invention of the first skyscrapers took place in Chicago named
Home Insurance building in 1885 which used steel and concrete for construction and used a
curtain wall instead of a load-bearing wall. The development of the tall structure evolved in the
construction of different structural forms to resist the lateral load, mainly interior and exterior
structural systems. One such structural forms are an outrigger structural system considered as
one of the finest structural systems in controlling the lateral load by mitigating the response of
the structure. In this study, the outrigger structural system is considered with an undamped and
damped system to diminish the vibration of the structure against the earthquake load. In a
conventional outrigger structure, the outrigger arm is directly connected to the core and the
perimeter column. This conventional system is modified with the introduction of the external
device called as dampers are connected in between the outrigger arm and outer column, this
concept is called as a damped outrigger concept. If an outrigger structure itself can resist lateral
load, then the introduction of the damping device between outrigger and column can enhance
the performance of the structure. Therefore the study of a viscous device as an external passive
damper in between the outrigger arm and perimeter column has been undertaken.
2. RESULTS & DISCUSSION

A forty story structure is considered with each floor height of 4 m, constitutes a total height of
160 m, with a base dimension of 30m x 30m and with the floor slab of 0.15 m. The core
dimension is 14m x 14m made of concrete with a thickness of 0.4 m. For this structure the
outrigger being the stiff arm connecting the core to the perimeter column which spans 8 m and
there will be two outriggers in each direction summing up to eight outriggers in four directions.
There are four columns in each direction two supporting the outrigger and the other two at the
ends made up of steel section will be participating in resisting the earthquake load.
The assumption in this study is that building core has been considered as a cantilever beam with
constant cross-sectional area throughout and stiffness is considered as uniform throughout.
1a1
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Outrigger is considered to have a rigid connection to the core and thus the core and outrigger
rotate in the same amount. The columns are considered to have a pinned connection to the
ground.
Based on the Bernoulli-Euler beam theorem the core of the structure is taken as a cantilever
beam with one translational degree of freedom and one rotational degree of freedom. The
structure is considered to have the identical mass throughout the height, contains mass obtained
from the slab and mass of concrete core of one floor. The rotational inertia is equal throughout
the full height of the building which has been obtained by the parameters of the structure
corresponding to the total mass matrix of dimension 80 x 80. To obtain the global stiffness
matrix, the direct stiffness approach is used. Since there are 80 active degrees of freedom
representing 40 floors the dimension of the global stiffness matrix is also 80 x 80. The damping
matrix is collaborated with the stiffness matrix to give a complex stiffness matrix. The
mathematical modeling is done for the outrigger structure considering the outrigger as rotating
spring based on the structural equation of motion with the addition of earthquake as a separate
force. Based on the resultant moment of the structure the optimum positioning is obtained by
equating the moment at the base of the structure to the moment at the outrigger level to get the
parameter representing a fraction of the total height of the core. Then the deflection of the
outrigger structure is obtained by superimposing the deflection of the cantilever beam of the
core with the rotating spring at the outrigger level. The recorded Northridge earthquake data is
collected for the study and it is simulated for the dynamic analysis of the structure in MATLAB.
The displacement of the structure is analyzed to compare the performance of the structure with
undamped outrigger and damped outrigger. The displacement profile of the structure obtained
during simulation shows the clear difference in the vibration reduction of the structure against
the earthquake load. The analysis done shows that the vibration of the structure is reduced by
using the undamped and damped outrigger. But the displacement is reduced more by damped
outrigger than the undamped outrigger and the vibration dies down faster in case of the damped
outrigger. Thus the simulation work on dynamic analysis of outrigger structure has shown the
improved performance of the damped outrigger as compared to the undamped outrigger.
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1. INTRODUCTION & OBJECTIVE

Composite folded plate structures offer a wide range of engineering applications such as
culverts, buildings, cooling towers, roofing , cladding structures etc. If the folds have been
applied judiciously on thin laminated composite plates, it could render them structurally stiffer
and spanning wider. They have higher strength to weight ratio and higher load carrying capacity
compared to flat plates. laminated composite folded plates with epoxy resin-based matrix are
very cheap, easy to fabricate and the structure become even more lighter. These folded plate
structures may quite often be subjected to dynamic loads. Hence knowledge of dynamic
properties such as natural frequencies and mode shapes are essential for these structures.
In this research finite element free vibration behavior of symmetric and antisymmetric cross
ply laminated composite one-fold plates is being provided through parametric studies conducted
by incorporating variation in fold angle along with overall thickness, boundary conditions and
number of layers. Results show that changes in geometry, materials and boundary conditions
has significant impact on free vibration of folded plates.

2. METHOD OF ANALYSIS
The mathematical model is complicated by the orthotropic nature of the material. A first order
transverse shear deformation theory has been used so that moderately thick plates may be taken
up. Nine-noded Lagrangian plate finite elements with five degrees of freedom at each node has
been used. Drilling degree of freedom is introduced to account for three translations and three
rotations per node. Folded plate transformation [1] is done to obtain the global mass and
stiffness matrices.
The governing equation for free vibration, without damping being accounted,is 𝑀𝑥̈ + 𝐾𝑥 = 0.
Sub-space iteration technique [1] is adopted for extraction of the eigenpairs.
3. RESULT & DISCUSSION
E
B
0.75m

β

D

A
C

1.5m

Fig. 1 Geometry of one-fold folded plate

A one-fold laminated composite folded plate, as
shown in Fig. 1, has been selected for this study.
Length of the two sides are taken as 0.75m each.
The plate is 1.5m long. Clamped boundary
conditions have been applied to all edges. The
laminate comprises of two layers of graphiteepoxy laminae with layup 0/90. The elastic
properties for the graphite-epoxy surface
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Natural Frequency (Hz)

Natural Frequency (Hz)

material are: E1 = 130.0 x 109 N/m2, E2 = 9.5 x 109 N/m2, G12 = G13 = 6.0 x 109 N/m2, G23 =
0.5G12, and  = 1600 Kg/ m3. Along AB and BC four elements and along CD eight elements
have been used in the analysis. The crank angle has been varied from 90o to 180o and the plate
thicknesses have been assumed as 10, 20, 30, 40 and 50mm. The first and second mode natural
frequencies have been plotted for various crank angle (β) and plate thicknesses in Fig. 2a and
Fig. 2b. From Fig. 2a and 2b, it is seen that presence of fold makes a plate stiffer. The stiffness
and hence the natural
frequency do not
350
change appreciably
300
10MM
250
for a large range of
20MM
200
crank angle. Only
30MM
150
after 160o crank
100
40MM
angle, it shows a drop
50
in natural frequency
50MM
0
for 50mm thick
80
100
120
140
160
180
folded plate. For
Crank angle (o)
thinner plates, the
decrease in natural
Fig. 2a. Variation of First mode natural frequency
frequency is observed
after
170o.
The
change in gradient is
500
10MM
sharp for first natural
400
20MM
frequency. Thicker
300
plate shows drop in
30MM
200
natural frequency at
40MM
100
lower crank angle.
50MM
0
For β= 180o , that is
80
100
120
140
160
180
for flat plate, the
Crank angle (o)
natural
frequency
reduces drastically.
Fig. 2a. Variation of Second mode natural frequency
As expected, the
natural frequencies for thicker plate are more compared to thinner one. The increase in natural
frequency is linear for increase in thickness.
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1. INTRODUCTION & OBJECTIVE

Functionally graded laminated composite (FGLC) structures can be tailored with fibers
aligned longitudinally in a plane parallel to top and bottom faces with gradation in thickness
direction conferring to power-law. Batra and Jin [1] have considered functionally graded
fiber reinforced plate in which variation of fiber orientation angle are continuous in the
thickness direction and investigated fundamental frequencies. Rotating cylindrical shells
have vast engineering applications and dynamics is different from that of beam and plates
since the natural frequencies and mode shapes of rotating structures not only depend on
structural properties and boundary conditions, but also on the rotating speed. Lam and Loy
[2] have analyzed rotating laminated cylindrical shells by different shell theories. Thin
structures made of laminated composite structures exhibit low damping resulting in
vibrations hence by adopting passive or active vibrational control methods this problem can
be addressed. Baz and Ro [3] used active constrained layer damping treatment (ACLD) to
damp these vibrations. ACLD treatment of rotating FGLC cylindrical shell has not yet been
reported which provides an ample scope for further study. Present work aims address the
damping behavior of ACLD rotating FGLC cylindrical shell. Fig. 1 shows FGLC cylindrical
shell ACLD system and the power law governing the material variation can be expressed as
𝑟

𝛽 𝑘 (𝑧) = (𝛽1𝑘 − 𝛽2𝑘 ) (𝑓𝜁𝑘 (𝑧)) + 𝛽2𝑘 , 𝜁 = 1 𝑜𝑟 2
𝑓1𝑘 (𝑧) =

𝑧 − ℎ𝑘+1
𝑧 − ℎ𝑘
𝑎𝑛𝑑 𝑓2𝑘 (𝑧) =
ℎ𝑘 − ℎ𝑘+1
ℎ𝑘+1 − ℎ𝑘

(1)

Where 𝜁 is a positive integer, r is the power-law exponent 0 ≤ 𝑟 ≤ ∞, k is the layer number
FGLC shell. The thickness co-ordinates (z) of the top and the bottom surfaces of any kth
layer are represented by ℎ𝑘+1 and ℎ𝑘 , respectively. Two types of FGLC shells are considered
for presenting the numerical results as shown in Fig. 2. The effects of initial hoop tension,
centrifugal acceleration and Coriolis forces caused by rotations are incorporated while
deriving the dynamics. The kinematics of the deformation of the overall smart FGLC shell
has been derived using first order shear deformation theory and the finite element model
developed. A MATLAB code for the same has been developed to present the open loop and
closed loop frequency response characteristic of rotating shell.
1
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The elastic and the piezoelectric properties of this 1-3 PZC material and elastic properties
of viscoelastic material are similar to those of Ray and Pradhan [4]. Exactness of the present
model is ascertained by estimating the parameter 𝜔̄ with the present model and comparing
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the same with similar works in literature [5]. Table 1 shows the accuracy consistency of the
present model. The angular speed Ω effect on forward and backward frequencies of rotating
FG shell has been presented in Fig. 3 where it is seen that as the Ω, increases, the forward
frequency reduces while the backward frequency increases. The open loop and the closedloop behaviour of the shells are studied by the frequency response function evaluated at a
point (a, 0, h/2) on the top surfaces of the shells. A time harmonic point force of magnitude
1N is considered to act at the same point to excite the first two modes of the shells. The
controlled and uncontrolled responses of the ACLD rotating FGLC cylindrical shells are
presented in Fig. 4. As shown in the figure the active ACLD proves to be very effective in
damping the vibrations of the shells over the passive damping.

Fig. 2: Cylindrical Shell (a) Type-1 2 layered FGLC
(b) Type-2 3 layered FGLC.

Fig. 1: Schematic representation of an ACLD
cylindrical FGLC shell.

Table 1: Fundamental frequency parameters 𝜔̄ = 𝜔/ℎ√𝜌/𝐸𝑇 of clamped-free shells.

Shell type
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R/h

a/R

00/900/00

20
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00/900

20

5
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Reference [5]
Present
Reference [5]
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Fig. 3: Effect of angular speed Ω on forward and
backward frequencies of rotating FGLC cylindrical
shells.
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Fig. 4: Controlled and uncontrolled frequency
responses of ACLD rotating FGLC cylindrical
shells
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1. INTRODUCTION & OBJECTIVE

Bridges are the integral part of transportation system. It is very important to maintain these
structures in view of safety of the passengers using it. Bridge is a structure which carries both
static and dynamic load in addition to it, bridge should perform well during emergency
condition like seismic events.
Bridge design codes merely consider serviceability aspects, where vibration response of the
bridge during traffic movement were considered and designed. Upon request by competitive
authority an attempt was made to understand dynamic response of the Krishna Raja Sagar
downstream bridge situated near Mysore, Karnataka, India. The bridge has some vibration
problems which was felt by maintenance workers, pedestrians, slow moving vehicles and
parked vehicles. The bridge is a T-beam bridge of total length 470.4m and consists of eight
bays, and each bay measures around 58.8m. Each bay has 3-spans of 18m, 22.8m, and 18m
respectively. The deck is supported by circular piers of 1.2m dia.
To check the free vibration response of the bridge, a structural health monitoring system was
used by installing acceleration sensors and data acquisition system, and same was analysed
using Eigen values analysis by MIDAS Civil software.
On first lane two acceleration sensors was installed and on the second lane the fully loaded
truck was allowed to pass, during conduction of test traffic was controlled and at a time only
one truck was allowed to pass rest of the traffic was stopped till the vibrations were
completely recorded. The natural frequency of the bridge was plotted for free vibration phase.
An analytical study was carried out by conducting Eigen value analysis and initial three
modes of vibrations were found out and compared with free vibration response.
2. FIELD TESTING PROGRAM
The bridge response can be monitored using accelerometers under controlled static and
dynamic truck loading. The experimental program consists of measuring the response of one
of the central bay. The piezoelectric acceleration sensors are used in the test for
obtaining the acceleration response [4].These devices use piezoelectric effect in measuring
the changes in acceleration and convert them into electrical charge. The capacity of the
acceleration sensor is 6.25 g. The device is calibrated in such a way that the voltage signals
are converted into an equivalent acceleration. The conversion factor of the sensors used in the
present study is in the range of 790 mV/g to 810 mV/g. The voltage signals from the
acceleration sensors are collected using 8 channel DEWE-43 data acquisition system.
3. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The response obtained from the acceleration sensors were recorded and analysed using
Dewesoft software and corresponding time histories of acceleration are plotted for each
passing of a truck. In particular, an exponential window function was selected for decaying
free vibration response caused by truck loading [7].A Hanning function was used for force
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vibration phase of ambient vibration measurement. The portion of acceleration time history
were considered for the evaluation of natural frequency at ambient window or free vibration
phase. A free vibration phase for movement of fully loaded sand Truck1 was shown in Fig.2
and frequency spectrum is obtained using Fast Fourier Transform (FFT). shows in Fig.3.

Fig. 2 Acceleration time series forTruck 1

Fig. 3 Frequency spectrum for Truck 1

The natural frequency under free vibration of the bridge was in range of 4.25 Hz to 4.6 Hz.An
analytical study was also carried out by conducting eigen value analysis using MIDAS Civil
software. Initial three modes of vibrations were found out and the second mode of vibration
matches with the experimental investigation. Since, it is observed that the natural frequency
ranges between 4.5Hz to 6Hz.
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Abstract
In the present paper dynamic analysis procedure of a single span bridge girder has been outlined
when the bridge is subject to a stream of moving loads with random arrival time. The bridgevehicle coupled dynamic equations are formed considering the vehicles as a quarter car model
whose wheels are in contact with random road unevenness. As a result of random arrival time
and random pavement irregularity, the damping, stiffness matrices and input force vector contain
stochastic variables whose probability distribution functions are Poisson process for arrival time
and Gaussian for pavement roughness. Such a complex system has been solved in time domain
by orthogonal polynomial series. First and second order statistics have been obtained for the
maximum stress in the bridge girder which is subsequently used to calculate dynamic increment
factor of the stresses. Parametric studies are conducted to examine the effect of vehicle speed,
arrival time and road irregularity.
Keywords: Bridge girder, quarter car model, Poisson process, orthogonal polynomial, road
irregularity.
1. INTRODUCTION

Analysis of dynamic response of bridges subject to moving vehicles has been an area of major
research for several decades (Fryba, 1996) because of its several practical applications which
includes structural health monitoring of bridges, vibration control in real time and prediction of
fatigue life of the bridges. In recent times, design span of the bridges has been increased whereas
traffic also keeps growing day by day due to increase of socio-economic activities. Considering
various innovative design of bridges and heavy truck movement, analysis of bridge vibration to
obtain dynamic amplification factor induced by vehicle have reported by various researchers and
codified for practice (Green and Cebon, 1997; IRC-6, 2016). There is scanty of literatures
reported on the dynamic response of bridge considering the stream of vehicles arriving on bridge
at random rate, which actually happens in real scenario. The present study is thus focused on the
dynamics of bridge subject to randomly moving load over uneven pavement. An orthogonal
polynomial based method has been used to obtain the statistics of the bridge response. Effect of
vehicle speed, vehicle arrival time and road roughness on the amplification of dynamic stress
have been studied.
2. METHODOLOGY
The bridge vehicle couple dynamic equations for the mathematical model of single span bridge
and multiple quarter car vehicle model can be written after expanding damping matrix C,
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stiffness matrix K and force vector F using Taylor series about the mean and retaining only first
terms (Li and Chen, 2009) as
𝑴𝒙̈ + [𝑪𝒎 + 𝑪𝜆𝑡𝑛 {𝜆𝑡𝑛 − 𝜇(𝜆𝑡𝑛 )}]𝑥̇ + [𝑲𝒎 + 𝑲𝜆𝑡𝑛 {𝜆𝑡𝑛 − 𝜇(𝜆𝑡𝑛 )}]𝒙 = 𝑭𝒎 (𝒕) +
𝑭𝜆𝑡𝑛 {𝜆𝑡𝑛 − 𝜇(𝜆𝑡𝑛 )}

(1)

in which M is mass matrix, Cm, Km and Fm are the mean values of damping, stiffness matrix and
force vector respectively, λ is the mean arrival rate of the vehicles and tn is the arrival time of the
vehicles on the bridge, µ(λtn) is the mean arrival time. The terms C, K and F with subscript λtn
denote first order differential coefficient of the corresponding variable with respect to λtn,
evaluated at t=λtn. Expressing an element Xi of the array x (response vector) as the summation of
the product of transformed time co-ordinate and orthogonal polynomial function, the transformed
equations has been integrated numerically to obtain time co-ordinates of the modal response.
Thereafter, the expected values of the time dependent co-ordinates have been obtained using
properties of orthogonal polynomial functions
3. MAJOR FINDINGS
The present method has been illustrated with an example of single span box girder bridge of twin
cell cross section and is of span 30 m. The vehicle total weight is 400 kN, suspension/tyre
stiffness ratio=4.0; Fundamental natural frequency of the bridge=4.5 Hz. The results reveals that
dynamic stresses are influenced by vehicle speed, arrival rate and pavement roughness. The most
unfavourable response is found in poor category of road surface at high speed. However, it has
been also observed that a stream of vehicles at low speed increases bridge vehicle-interaction
time in which static response also increases. However, since amplification factor being a fraction
of static live load effect, at low speed dynamic effect in some category of pavement surface is
not much prominent which is shown in Table 1. The study also considers the effect of multiple
vehicles in different time windows at different arrival rate. Higher arrival rate of the vehicle
increases the dynamic stresses in the bridge.
Table 1. DAF for good road and very poor road by varying the vehicle velocity for different time windows
Time
Window
(seconds)

20

DAF
20 km/hr

40 km/hr

60 km/hr

Good

Very Poor

Good

Very Poor

Good

Very Poor

1.05

1.88

1.01

1.84

1.04

1.4
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I. INTRODUCTION
String instruments have been known since thousands of years. Although their working has long been known,
exact rigorous analysis of physics of musical instruments started relatively recently in the twenty and twenty-first
centuries [1-4]. A string instrument in its most basic form can be considered as a string with its both ends rigidly
fixed for which the natural frequencies are given by 𝜔𝜔𝑗𝑗 =

𝑗𝑗𝑗𝑗𝑗𝑗
𝑙𝑙

(𝑗𝑗 = 1,2,3 …) indicating that all the frequencies of

the higher modes are integer multiple of the fundamental frequency [5]. In case of a string instrument, we cannot
consider the strings to be fixed at both the ends as the wooden plate also vibrates along with the strings. The
objective of this study is to understand the effect on the natural frequencies of the string due to vibration of the
plate. For this purpose, two models are analysed in this paper. The first model consists of a single string fixed at
one end and at the other end is attached to a lumped mass supported on a linear spring. The second model is
slightly more complex with two parallel strings of equal length both fixed at one end and the other ends of both
the strings are connected via a rigid bar which has both linear and torsional degrees of freedom. A linear and a
torsional spring are attached at the middle of the bar. Equations of motions for both the models have been
derived. The solutions are also obtained along with the orthogonality conditions of the systems.
II. METHOD OF ANALYSIS
The equations of motion and boundary conditions of the aforementioned systems were derived using variational
principle. The eigen frequencies were found numerically using Newton-Raphson method. The equation of
motion derived for the system (shown in figure 1) is
𝑤𝑤𝑡𝑡𝑡𝑡 − 𝑐𝑐 2 𝑤𝑤𝑥𝑥𝑥𝑥 = 0

(1)

𝑤𝑤(0, 𝑡𝑡) = 0 and

(2)

where 𝑤𝑤(𝑥𝑥, 𝑡𝑡) is the transverse displacement of the string. The boundary conditions are,
𝑇𝑇𝑤𝑤𝑥𝑥 (𝑙𝑙, 𝑡𝑡) + 𝑚𝑚𝑤𝑤𝑡𝑡𝑡𝑡 (𝑙𝑙, 𝑡𝑡) + 𝑘𝑘𝑤𝑤(𝑙𝑙, 𝑡𝑡) = 0.

(3)

Fig. 1: Simplified model of coupled plate-string vibration (First Model)
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Since the boundary conditions are homogenous 𝑤𝑤(𝑥𝑥, 𝑡𝑡) can be considered as a product of two independent
functions (𝑊𝑊(𝑥𝑥), 𝑝𝑝(𝑡𝑡)) of space and time. Using the method separation of variable, we obtain
𝑤𝑤(𝑥𝑥, 𝑡𝑡) = ∑∞
𝑗𝑗=1�𝑐𝑐𝑗𝑗 𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔𝑗𝑗 𝑡𝑡 + 𝑐𝑐𝑗𝑗 𝑐𝑐𝑠𝑠𝑠𝑠𝜔𝜔𝑗𝑗 𝑡𝑡�𝑐𝑐𝑠𝑠𝑠𝑠

𝜔𝜔𝑗𝑗 𝑥𝑥
𝑙𝑙

(4)

The characteristics equation is obtained by using Eqs. (3) and (4). The characteristic equation is given by
𝑇𝑇𝜔𝜔
𝑗𝑗

cos

𝜔𝜔𝑙𝑙
𝑗𝑗

𝜔𝜔𝑙𝑙

+ (𝑘𝑘 − 𝑚𝑚𝜔𝜔2 )𝑐𝑐𝑠𝑠𝑠𝑠

𝑗𝑗

=0

(5)

The next model is slightly more complex consisting of a set of two parallel strings of equal length both fixed
at one end and their other ends are connected via a rigid bar which acts as a coupling between the strings. A
linear and a torsional spring are attached at the middle of the bar (see figure 2).

Fig. 2: Model of coupled plate-string vibration taking two parallel strings. (Second Model)

Equations of motion are derived similarly using variational method and so are the boundary conditions. The
modal analysis of the system was done assuming the entire system vibrates at a same particular frequency. The
eigen frequencies are the roots the following characteristic equation
𝐹𝐹(Ω) = [2

𝑇𝑇1 ω
𝜔𝜔𝑙𝑙
cos � �
𝑐𝑐1
𝑐𝑐1

𝜔𝜔𝑙𝑙 2
𝜔𝜔𝑙𝑙
𝜔𝜔𝑙𝑙 𝑇𝑇2 ω
�] �
cos � � 2 (𝑘𝑘𝜃𝜃 − 𝐼𝐼𝜔𝜔2 ) sin � ��
𝑐𝑐2
𝑐𝑐2
𝑐𝑐1
𝑐𝑐2 𝐿𝐿
𝜔𝜔𝑙𝑙
𝜔𝜔𝑙𝑙
𝜔𝜔𝑙𝑙
2
𝑇𝑇
ω
𝜔𝜔𝑙𝑙
𝑇𝑇1 ω
2
cos � � + 2 (𝑘𝑘𝜃𝜃 − 𝐼𝐼𝜔𝜔2 ) sin � �� �2
cos � � + (𝑘𝑘 − 𝑚𝑚𝜔𝜔2 ) sin � �� = 0
+�
𝑐𝑐2
𝑐𝑐1
𝑐𝑐2
𝑐𝑐1
𝑐𝑐1
𝐿𝐿
𝑐𝑐2

+ (𝑘𝑘 − 𝑚𝑚𝜔𝜔2 ) sin �

Finally, the orthogonality condition is derived. This will help us find the unique initial conditions corresponding
to different modes.
III. RESULTS
Taking 𝑇𝑇1 = 𝑇𝑇2 = 60𝑁𝑁, 𝜌𝜌1 = 𝜌𝜌2 = 8000 𝐾𝐾𝐾𝐾/𝑚𝑚3 , 𝐴𝐴1 = 𝐴𝐴2 = 0.25 ∙ 𝜋𝜋 ∙ (0.0015)2 𝑚𝑚2 , 𝑚𝑚 = 0.06 𝐾𝐾𝐾𝐾, 𝑙𝑙 = 1𝑚𝑚,
𝐿𝐿 = 0.1 𝑚𝑚, 𝐼𝐼 =

1

12

𝑚𝑚𝐿𝐿2 𝐾𝐾𝐾𝐾 − 𝑚𝑚2 , 𝑘𝑘 = 600𝑁𝑁/𝑚𝑚, 𝑘𝑘𝜃𝜃 = 0.8 𝑁𝑁 − 𝑚𝑚, we have plotted 𝐹𝐹(Ω) as function of Ω (see

figure 3), where Ω =

𝜔𝜔𝑙𝑙
𝑗𝑗1

.
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Fig. 3: 𝐹𝐹(Ω) as function of Ω. (Second Model)

For the identical strings, many two roots come in ‘almost pair’. They correspond to translational and torsional
modes. They correspond to pure translational and torsional modes of the bar. Due to this closeness of torsional
and translational frequencies the beat phenomenon occurs (see figure 4). For the non-identical string, the modes
become combined. It can also be observed that the frequencies are not in harmonic.

Fig4: Beating Phenomenon (Only 5th and 6th frequencies are considered). (Second Model)

IV. CONCLUSIONS
In this this study a simplified model with two parallel strings connected via a rigid bar resembling a simplified
stringed instrument was analysed. The equations of motion were derived from variational principle. The solution
and the orthogonality condition are also obtained. The effect of coupled vibration on the natural frequencies are
studied. The system can be made more complex and realistic by adding damping and nonlinearity to it.
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1. INTRODUCTION & OBJECTIVE

To determine the running life and fatigue crack propagation of a component subjected to
cyclic loading, a non-destructive test is highly recommended. The objective of this work is to
identify the position as well as severity of a crack. We have investigated different components
subjected to cyclic loading in axial direction. The RUMUL Fatigue testing machine has been
used for vibrating the specimen. This machine vibrates the component at its natural frequency.
The severity of a crack has been determined using the change in natural frequency of the
component as crack propagates.

2. RESULTS & HIGHLIGHTS OF IM POINTANT POINTS
Using the knowledge of wave propagation, we have identified the position of crack of several
specimens (with and without flaws) in running condition. For the specimen without flaw, we
observed that the crack has been initiated at the region of maximum strain. However, for the
specimen with flaw, the failure occurs at the position of flaw. An empirical formula between
the frequency drop of specimen and the number of cycles has also been obtained on the basis
of the readings.
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1. INTRODUCTION

Vibration based methods especially using natural frequency and mode shapes are popularly
employed to identify and locate damage in structures. However,the traditional damage
localization index based on the mode shape difference approach between the measurements of
the healthy and damaged structure gives false results in the form of multiple peaks apart from
the damage location due to its sensitivity to noise, difficulty in identifying subtle cracks and
crack location coinciding with the zero strain energy node of the selected mode. This paper
presents a robust Teager Kaiser Energy Operator (TKEO) based baseline free damage
localization approach for beam-like structures overcoming the above said limitations.Both
numerical and experimental investigations have been carried out to validate the proposed
approach.
2. DAMAGE LOCALIZATION BASED ON TEAGER-KAISER ENERGY
OPERATOR
Teager-Kaiser Energy Operator (TKEO) is a nonlinear and energy tracking operator estimated
based on instantaneous energy of the signal [1]. TKEO is popularly used in Structural Health
Monitoring (SHM) in identifying instantaneous frequency and phase for both time invariant
and time varying linear and nonlinear systems. Due to its advantages of high resolution (time
and frequency resolution), simplicity and efficiency, TKEO is used to analyze demodulation
signals and to identify discontinuities in the data.
The continuous and discrete Teager-Kaiser Energy Operator Ψ[.] are given by

where

represent the mode shape.

Instead of the traditional mode shape difference, the proposed work uses the mode shape of
the damaged structure integrated with TKEO to exactly identify the spatial location of the
damage.
1
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The proposed Damage Localization Index (DLI) is defined as

The position of the maximum value of DLI gives the spatial location of the damage. The
magnitude of the DLI at the identified damage location quantifies the severity of the damage.
A 25m RCC Simply Supported beam with cross-section of 0.6 × 1.2 m is considered as the
numerical example. The beam is modelled using 1D Euler beam elements and Sinha crack
model [2] is used for simulation of damge. The acceleration time history measurements at
varied locations are computed using the Newmark time integration algorithm. Frequency
Domain Decomposition [3] technique is used to estimate modal parameters. The first few
natural frequencies of the healthy structure are found to be 2.7546 Hz, 11.0182 Hz, 24.7910
Hz, 44.0728 Hz
The results of three damage scenarios corresponding to damges at 6.25m with 10% and 20%
stiffness reduction and another scenario of multiple damage at 5m, 20m with stiffness
reduction of 20% each is presented in Figure 1. The continous and discrete TKEO results are
presented in Figure 1 (a) and Figure 1(b) respectively.
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Figure 1 Damage Localisation Index

It can be observed from Figure 1 that the damage localization index based on either
continuous or discrete TKEO shows peak only at the damage location. The proposed DLI
increases with increase in stiffness reduction. The proposed approach can identify minimum
stiffness reduction of about 10%. Apart from this, the proposed approach is capable of
identifying multiple damages and also insensitive to noise. The proposed algorithm is
applicable to beam structure with any boundary condition and works with any selected mode.
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1. INTRODUCTION & OBJECTIVE

Lateral load resisting member in multi-storey building, which usually transmit gravity loads to
the vertical element, are often needed for the transmission of lateral inertial force to the
vertical structural system. Since most of the multi-storey structure designed are solely based
on bare frame with static seismic load. Floor diaphragm is one of the prominent methods to
reduce the floor accelerations. For the designing of earthquake resistant structure floor
accelerations are needed to evaluate in-plane diaphragm forces [1].
The main objective of this paper is to compare the seismic performance of building having
regular shape in both plan and elevation incorporated rigid floor diaphragm and horizontal X
bracing. Three G+5 story structure with regular shape configuration has been designed as per
Indian standard code and analysed with non-linear static pushover method with FEMA 440EL
and ASCE 7-10 code considering DDBD (direct displacement based) approach. The purpose
of chosen structure with regular shapes both in plan and elevation provide good result because
inertia force is transferred without having to bend due to the geometry of building [2].
Pushover method is one of the most prominent approach to find out dynamic characteristics.
The main focus of this study is to compare the 3 structure with different lateral load resisting
system and analyse the nature and their effectiveness in reducing the lateral displacement and
moment, ultimately to provide good economy. All the structures are seismic resistant structure
which comes under seismic zone IV having zone factor 0.24, with soil type II as per
1893:2016. However, three structure has been taken as frame building, building incorporated
with rigid diaphragm and structure with horizontal X-bracing. All the 3-building model has
been created in the building analysis and design software ETABS 18.0.2. The parameters such
as performance point, maximum story displacement, base shear obtained from the analysis
with DDBD approach has been compared.
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2. RESULT AND DISCUSSION
A comparative study conducted on 3 frame model with same configuration i.e. regular
configuration of both plan and elevation, structural configuration and seismic configuration
with and without lateral resisting member has been studied through DDBA approach. Later
on, the result is obtained and analysed using non-linear static pushover method and different
outcomes are compared viz. performance point, max. story displacement, max. story drift etc.
Performance point shows the ductility behaviour of the structure. The Static pushover curve
has been taken as per FEMA 440El and response spectrum data taken as per ASCE 7-10.
Among the above all models, the maximum value of ductility ratio has been observed in
model 3 which is 5.542999.
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Maximum Storey displacement is calculated for all three models along the direction of force
i.e. PO-X (i.e. target displacement in X direction) and PO-Y (i.e. target displacement in Y
direction) and results are shown fig 1.
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Figure 1: Result of max story displacement in PO-X and PO-Y.

Base shear is the force produced at the ground storey due to lateral loads. In other two models
except bare frame, the base shear has been increased due to the stiffness and mass provided by
the rigid diaphragm and horizontal X bracing, the maximum value of base shear has been
obtained in frame with rigid diaphragm which is 684.1247 kN.
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Abstract: This paper presents the performance of a cable-stayed bridge under the action of
earthquake ground motion. Cable-stayed bridges are highly statically indeterminate structures
and in order to find out exact solution of these systems and analyze them, simulation techniques
play a significant role. The analysis is carried out on a numerical model, simulated using the
data obtained from benchmark control problem for the seismic response of cable-stayed bridges.
The reference bridge modelled for analysis is ‘The Bill Emerson Memorial Bridge’. The
objective of the work is to study the dynamic behaviour of cable-stayed bridges and identify the
probable locations of failure under earthquake loadings, so that remedial measures may be
adopted to prevent any undesirable incident. The simulation is carried out using the 1940 El
Centro earthquake ground motion record.
Keywords: Cable-stayed bridge, Non-linearity, Dynamic response, Earthquake.
Need for the study: The past earthquakes, cable-stayed bridges have witnessed different types
of catastrophic failures under major seismic events. The importance and significance of the
study lie in the fact that it will provide an insight into the behaviour and possible modes failure
of cable-stayed bridges when subjected to earthquake ground motions.
Modelling and theory: The numerical simulation of a benchmark cable-stayed bridge available
in literature is carried out (Dyke et al., 2003; Caicedo et.al., 2003). In the first step, modelling of
the following structural components is done – 1) the tower, 2) deck, 3) the stiffeners, 4) the
cables and 5) the piers. In the next step, material properties are assigned to concrete as grade
M80 and M90 and to steel as grade 270. The Finite Element model of the cable-stayed bridge
has been analyzed using SIMULIA Abaqus 6.14 and the DIRECT SPARSE solver (Abaqus,
2014). This solver, unlike an iterative solver, solves all the equations directly, without any
approximations.
Results and Discussions:

Fig. 1.1 Isometric view of Simulated numerical model of Cable Stayed Bridge
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Table 1. Deflection and stress developed at different locations of the bridge due to earthquake excitation.
Location
Deflection (in cm)
Stress (in MPa)
Extreme Cable to the right from left Tower

-55.9

5.51E+01

Middle of Cable stayed span

2.37

-4.58

Extreme Cable to the left from right Tower

54.7

-1.80E+01

Top of right H-Tower

-1.89

9.12E-03

Discussions: The numerical model of the cable-stayed bridge, simulated by applying
earthquake ground motion at the base, underwent deflections and rotations. The simulated
model is shown in Fig. 1 and the deflection and stresses at certain critical points are shown in
Table 1. The results show that the central region of the cable-stayed mid-span (between the two
H-Towers) underwent relatively greater deformations than other locations. The maximum
deflection of 57.9 cm, with a strain of 0.003181 is recorded. It is observed that more stress is
developed in the stiffeners and cables than the deck.
Conclusions:
The results indicate that the the cable-stayed most vulnerable portion is the central portion of
deck mid-span because the deflection is maximum there. The crowns of the towers also undergo
considerable out-of plane deformation. In addition to the introduction of dampers at the critical
locations, the number of supporting stiffeners should also be increased, so that the structure can
also withstand the earthquake ground motion wihout any notable damage. Significant
deformations are also observed in the cables near the deck mid-span and hence, enhanced
sections should be provided for these.
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1. INTRODUCTION & OBJECTIVE

Vibration analysis of two-wheeler is generally modelled using lumped analysis approach.
This study involves the identification of system parameters for the lumped analysis model of a
two-wheeler - Honda Activa with a single rider. Professional tools are accurate and reliable [12]
but are often expensive and inaccessible to many researchers. Thus, this work emphasises on
the use of easily available means such as smartphones and android applications to identify a
real system and its parameters. The experimental procedure involves measuring the sprung
mass acceleration (in the vertical direction) using a smartphone's accelerometer sensors. A
smartphone application named "Bosch iNVH" is used to collect the data. The smartphone is
mounted vertically under the seat (storage compartment) of a two-wheeler scooter to keep it
firm during the ride. The response of the vehicle over a speed hump is plotted on Matlab using
the data obtained from the application. The experimental results are compared to the
mathematical solutions using two methods. For the first method, the mathematical model used
has a single degree of freedom, and the logarithmic decrement [3] technique (analytically) is
applied to the obtained response plot to get the parameters. The second model has two degrees
of freedom. Force balance equations for this model are listed below. The sprung mass being
m2 and vehicle suspension stiffness and damping coefficient being k 2 and c2, respectively. The
unsprung mass is m1 (tyre and wheel assembly). The parameters k 1 and c1 represent the tyre's
stiffness and damping coefficient, respectively. The variable „y‟ in the equations denotes
forcing function (road profile/hump) which is approximated to a sine wave and „ ̇ ‟ is its first
derivative. These equations are solved (for ẍ2) in Matlab using ODE 45 solver. The second
method to identify the system parameters is to align the curve obtained from ODE 45 solver to
the curve extracted from the BOSCH iNHV application (Figure 1). To achieve this, the curve
fitting tool is used in Matlab.
Force balance equations (simulated) for model II:
ẍ1 = (1/m1) × (k1y - k1x1 + c1 ̇ - c1ẋ1 - k2x1 + k2x2 - c2ẋ1 + c2ẋ2)
ẍ2 = (1/m2) × (k2x1 - k2x2 + c2ẋ1 - c2ẋ2)

(1)
(2)

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Table 1: comparison of mathematical (Two-DOF model) and experimental values of parameters

Parameter

Using Method
II

Approx.
Range of actual
values

Tyre stiffness: k1 in N/m

(1 to)105

(1 to 3)105

Tyre damping coefficient: c1 in Ns/m

10

5 to 15
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Suspension stiffness: k2 in N/m

(1)104

(1 to 4)104

Suspension damping coefficient: c2 in Ns/m

(1)103

(1 to 9)103

Sprung mass (vehicle upper body+driver): m2 in kg 115

180-240

Unsprung mass(wheel assembly): m1 in kg

10-20

20

Table 2: values of parameters using Single DOF model

Parameter

Range/Value
using method I

Damping Ratio

0.176

Damped Frequency

44.54

Natural Frequency

45.96

Stiffness in kN/m

253.47

Damping Coefficient in Ns/m

1,941
Figure 1: Experimental plot and Simulation

The values in table 2 depict the whole system‟s (vehiclebody+suspension+driver)
characteristics. Thus, these values could not be compared with real-world figures. The second
method provides the parameters separately. Hence, the comparison with the actual parameters
has been provided. The parameters calculated from the single DOF model fall in the
acceptable range. The results from table 1 show that the actual parameters of the vehicle's
suspension and the values obtained by the second (two-DOF) mathematical model are of the
same order. The above tables suggest that the mathematical values are close to the actual
values of the motor-cycle used in the experiment. Thus, it can be concluded that using
smartphone sensors and applications can be handy to identify a simple vibrational system and
its parameters.
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1. INTRODUCTION & OBJECTIVE

The road conditions in India pose many challenges for people. Studies [1] have shown that
recurring exposure to body vibrations can cause long term health issues. Moreover, several
accidents take place because vehicles lose control at high speed when passing over the bumpy
roads. The following work proposes the use of an active suspension system to achieve a more
comfortable ride. An Active Suspension System refers to varying the suspension
characteristics like; stiffness and damping coefficient in real-time. The main objective of this
study is to find out the effectiveness of Active Suspension Systems. Figure 1 represents the
model (Two-Degrees of freedom) and its parameters. The sprung mass being m2 and vehicle
suspension stiffness and damping coefficient being k 2 and c2, respectively. The unsprung mass
is m1 (tyre and wheel assembly). The parameters k1 and c1 represent the tyre's stiffness and
damping coefficient, respectively. The variable „y‟ in the equations denotes forcing function
(road profile/hump) which is approximated to a sine wave and „ ̇ ‟ is its first derivative. The
force is given at the base. Force balance equations are listed below. ODE 45 method is used in
Matlab to solve the equations (solving for x1 and x2). The variables x2 and ẍ2 denote the
sprung mass displacement and acceleration in the vertical direction, respectively. Several
comfort parameters like Vibration Dose Values [2] and Spine acceleration response [2] are
directly dependent on the sprung mass acceleration. Thus, the results focus on the acceleration
response of the model for a given input.

Figure 1 : Model used for the analysis

Force balance equations ( simulated):
ẍ1 = (1/m1) × (k1y - k1x1 + c1 ̇ - c1ẋ1 - k2x1 + k2x2 - c2ẋ1 + c2ẋ2)
ẍ2 = (1/m2) × (k2x1 - k2x2 + c2ẋ1 - c2ẋ2)
Indian Institute of Technology Kharagpur
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Figure 2: Sprung mass response under variable damping

Figure 3: Varying stiffness and damping (3D plot)

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Figure 2 and 3 show two of the most prominent results obtained from the simulations. Figure
2 depicts the maximum acceleration/displacement of the sprung mass corresponding to
various values of damping coefficients. From figure 2 (red-curve), it is clear that for the given
input, the optimum value of the damping coefficient should be around 1500-2000 Ns/m to
obtain the most comfortable ride (least sprung mass acceleration). Figure 2 (blue-curve)
suggests that the optimum value of the damping coefficient should be around 5000-6000 Ns/m
to achieve the most tight/sporty ride (least sprung mass displacement). Figure 3 is a 3D plot
that shows the sprung mass acceleration when both suspension stiffness and damping are
varied simultaneously. The surface plot depicts that the optimum value of suspension stiffness
should be 10000-20000 N/m, and the damping coefficient should be 1000-2000 Ns/m to keep
the sprung mass acceleration minimal.
Most of the vehicles have a passive suspension system (fixed values of stiffness and damping
coefficients). Due to this restriction, they are unable to get a suitable ride for different road
conditions [3-4]. But, from the above results, it is clear that an active suspension system can
provide the optimum values of suspension parameters to obtain the desired ride quality. Thus,
this system can be quite effective to make rides more comfortable.
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1. INTRODUCTION AND OBJECTIVE

Condition monitoring of key components in rotating machines ensure reduction in costly
unscheduled machine downtime. In this paper, vibration signature and acoustic emission (AE)
are demonstrated to diagnose the common faults arising in a gearbox. The vibration and acoustic
signature has four characteristic frequencies corresponding to input shaft, intermediate shaft and
gear tooth meshing frequency. Peculiar deviation in normal amplitude spectrum, caused by
common faults such as rotary imbalance, looseness, shaft misalignment and damaged tooth of
gear or pinion, are identified to diagnose the faults [1-2]. By periodic in-process monitoring of
the acoustic signal and frequency spectrum, impending fault can be diagnosed and the root cause
of the fault can be traced using the diagnostic chart [3-5]. Vibration based condition monitoting
is more effective predictive maintenance tool, though equipment cost required for vibration is
high as compared to other condition monitoring techniques. Thus breakdown can be avoided
and maintenance can be scheduled and carried out with clinical precision with minimal down
time thereby avoiding loss in production and product quality [6-7]. A general framework is
developed to establish a diagnostic chart for shop floor technician.

Figure 1. Setup of gearbox with data acquisition system
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2. RESULTS AND DISCUSSION
The exreiments are conducted at 4000 rpm motor speed in different modes of gear box, like
introducing damaged tooth pinion, gear or both, unbalancing, misalignment and looseness.
Experimental results of vibration analysis and acoustic emission are obtained in 0-800 Hz
frequency range. The vibration signal and acoustic signal was picked with the help of
accelerometer and acoustic sensor respectively for obtaining the frequency spectrum. During
vibration analysis of damaged gear, the broken tooth of pinion comes in contact with gear once
in one rotation of pinion. Thus, vibration signal shows nine times increase, whereas AE signal
shows comparatively less incease in amplitude of frequency 3 Hz (X3). The following table
summarizes the results obtained by vibration analysis.
Table 1. Diagnostic table based on vibration signals and acoustic emmision
Amplitude (mG peak)
Sr.
No.

Frequencies
(Hz)

Vibration Analysis
Normal

Abnormal

Acoustic Emmision
Rise
(%)

Normal

Fault

Abnormal

Rise
(%)

Damaged tooth condition
1

X3

0.04

0.4

900

0.22

0.24

09

X4

8.6

36.1

320

1.30

2.30

77

Damaged
gear

Unbalanced pulley condition
2

X1

5.1

35.5

596

0.61

3.9

539

Motor pulley

3

X2

2.0

10.1

405

0.24

0.95

296

Pinion pulley

X1-Motor shaft frequency, X2- Intermediate shaft frequency, X3- Output shaft frequency, X4- Gear meshing frequency

A series of signal processing and FFT techniques were applied to extract the gear-box fault
signature and to compare it with the normal signature. Conclusively, as compared with AE, the
vibration analysis of the damaged gear teeth show considerable increase in amplitude of
frequencies X3 and X4 components. For imbalance, misalignment, etc., similar findings are
observed. The AE signal is more susceptible to background noise.The vibration based condition
moitoring is more effective tool as compared to AE. From the results presented it was clearly
evident that vibration analysis offered much pronounced indication of damage than AE.
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1. INTRODUCTION & OBJECTIVE

In the construction of building, framed structure with brick wall as cladding is the most
adopted form – which not only facilitates the progress of construction but also a reasonable
approach. But it has been observed that in the model the effect of the infill wall has not been
considered-rather detailing has been done with the output result of a bare frame model. In
reality with the infill wall stiffness of the frame has been enhanced-resulting in higher base
shear. To accommodate car parking it is the common practice to remove all the walls at
basement level. When the structure violates the stipulated clause of soft storey the effect of
ignoring soft storey becomes more detrimental. In reality the infill wall behaves like
compression strut between column and beam and force gets transmitted from one node to
another. So far parametric study has been carried out with the ideal building configuration
ignoring the lift well and stair case. The lift well as well as the stair case has a considerable
effect on the output of the seismic forces in a multistory building. In this study the model has
been done considering equivalent diagonal method for the infill wall (URM) as stipulated in
relevant IS CODE [1]. Using STAAD-CONNECT software a 3-D model of G+10 storey
building has been analyzed with two different conditions- bare frame and frame with infill
wall (URM). It has also been observed also the torsional rigidity has been affected drastically
with the inclusion of infill wall in the model.
The building investigated in this study (fig.1) is a typical beam-column reinforced-concrete
frame building cladded with brick walls. The location of building is considered at Naharlagun,
Arunachal Pradesh which is under seismic zone 5 [1]. The grade of concrete and steel has
been considered as M25 and Fe500 respectively. The equivalent static nethod, response
spectrum method and time-history method were performed by using the finite-element method
in STAAD Pro CONNECT edition.
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Table 1- Output of Base shear and drift by different methods
Name of
the
method

Earthquake

Equivaent
static
method

As per Fig.2
[3]

Response
Spectrum
Method

As per Fig.2
[3]

CQC
METHOD
Time
History
Method

Site Specific

Frame
Type

PERIOD
(SEC)

Natural
frequency
(Hz.)

Base shear
(kN)

Storey
Drift (mm)

X

Z

X

Z

Bare
Frame

2.39

0.418

3469.90

2600.0

6.87

6.26

Infill
frame
(URM)

0.75

1.330

3819.60

2862.07

0.574

1.13

Bare
frame

2.39

0.418

3387.70

2538.39

5.88

5.22

Infill
frame
(URM)

0.75

1.330

3725.62

2791.67

0.53

1.07

Bare
frame

2.41

0.414

3607.45

2534.75

5.96

5.38

Infillframe
(URM)

0.72

1.39

3957

2760

0.56

1.1

Generally due to horizontal drift the bonding between brick wall with beam and column is
separated out and as result the consideration of brick wall as strut member will not remain
valid. Frame is modeled using solid element in ANSYS workbench to detail the junction of
beam column along with brickwall to validate the junction behaviour.

Fig.3 Maximum stress at different corners

Fig.4 Maximum deformation as different corner
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1. OVERVIEW

Vibration-based damage detection methods are widely used in structural health monitoring for
last few decades. Any damage in a structure leads to change in eigen properties of the structure,
however it is very difficult to measure these modal parameters in practice. Flexibility matrix of
a structure can approximately be estimated by few lower modes and is very much sensitive to
damage. Usually generalized flexibility matrix based method detects damage with good
accuracy while reducing effect of higher order modes [1]. Also, the information of damage
severity can be obtained by Flexibility Proportional Coordinate Modal Assurance Criterion
(FPCoMAC) depending on the modal parameters at different degrees of freedom [2].
A new approach of damage detection based on change in flexibility matrix has been proposed
in this paper. A modied form of FPCoMAC has been determined in terms of flexibility matrix
to determine damage location and its severity. The approach involved derivation of change in
flexibility matrix with respect to reduced stiffness in terms of modal parameters using weightage
factor matrix correlation [3] with mode shapes and its partial derivative with respect to damaged
stiffness. Further, the proposed expression has been correlated with error in FPCoMAC, denoted
as eFPCoMAC to identify damage severity. Simulation has been performed on a damaged
shear-building to illustrate the effectiveness of the proposed method.
2. PROPOSED ALGORITHM
Fig. 1 represents a flowchart of the proposed method that describes the formulation of change
in flexibility matrix ΔF and also the correlated form of eFPCoMACk.
Start

Calculate mode shapes and natural frequencies of first few modes

Evaluate change in flexibility matrix using proposed formulation
𝛥𝐹(𝑝, 𝑞) = −ℎ
End

1

Σ𝑛𝑖=1𝜙 ( ) 𝜙 ( )

()

()

𝑛−1 𝑛

+ Σ𝑖=1 Σ𝑗=𝑖+1

() ( )

() ( )
() ( )

Correlate eFPCOMACk with 𝛥𝐹 k using, eFPCoMACk = ΔFk / Fu,k

()

( )

𝛥𝑘 t

Plot eFPCOMAC at all degrees of freedom to identify/quantify
damage
Fig. 1: Flowchart of the proposed method
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3. NUMERICAL ILLUSTRATION & RESULTS
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-0.01

eFPCOMAC

eFPCOMAC

The simulation has been performed on a numerical model of a 16-storey shear building (Fig. 2)
of uniform mass and stiffness i.e. m1 = m2 =…= m16 = 200 kg and k1 = k2 =… = k16 = 250 kN/m,
respectively. Damage has been introduced by reducing the stiffness at the 7 th storey by 20%.
The eFPCoMAC has been evaluated at all the degrees of freedom (DoF) of the structure both
by considering the effect of all modes and the first two modes. It has been observed that both
the results indicate damage accurately between DoF#6 and #7. But the eFPCoMAC values
obtained for only first two modes are higher and lower than the values obtained by considering
all modes, before and after the damage location respectively as shown in Fig. 3.
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Fig.2: Shear building
model with damage
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Fig. 3: Damage detection using eFPCoMAC considering (a) all 16 modes and (b)
only first 2 modes

4. CONCLUSION
Flexibility based method is becoming a popular method for structural damage detection due to
its easy measurement in a real structure. In this study, a simplified formulation of change in
flexibility matrix between intact and damaged structure has been derived and eFPCoMAC has
been expressed in terms of flexibility matrix. Thus, the main advantage of modified eFPCoMAC
is that it can reflect damage location and similar pattern by using flexibility data of only first
few modes. Since the approach involves first few modes only (no higher modes, which are not
easy to obtain), this can be applied for real damage identification.
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1. INTRODUCTION & OBJECTIVE

Flutter is a destructive aeroelastic phenomenon, and the inherent uncertainty present in syetem
parameters mandate the flutter reliability analysis in order to ensure safety of aircraft. In this
study, three types of limit state function are propsed to carryout the flutter reliability study. The
limit state functions are definied as implicit function of random variables (𝒓) by imposing
condition on flow velocity. A straight cantilever wing shown in Fig. 1 is considered for the
flutter reliability study and for the aerodynamic modeling, Theodorsen’s aerodynamics based
strip theory is used [1]. First Order Second Moment (FOSM) method is applied to all limit state
functions for obtaining flutter probability and results are comapared with Monte Carlo
simulation (MCS).

Figure 1. Cantilever wing model

The aeroelastic eigenvalue equation of the wing is written in matrix form as [2]:
(𝑴𝑺 + 𝑴𝑨 )𝒒̈ + (𝑈𝑪𝑨 + 𝑈𝐶(𝑘)𝑪𝑨𝝎 )𝒒̇ + (𝑲𝑺 + 𝑈 2 𝐶(𝑘)𝑲𝑨𝝎 )𝒒 = 𝟎

(1)

̅𝑒 𝛾𝑡 contains
where 𝑴, 𝑪, and 𝑲 are mass, damping, and stiffness matrices respectively. 𝒒 = 𝒒
both bending (ℎ(𝑦, 𝑡)) and torsional (𝛼(𝑦, 𝑡)) degrees of freedom, and 𝛾 = 𝛽 + 𝑖𝜔 = −𝜁𝜔 +
𝑖𝜔, where 𝛽, 𝜁, and 𝜔 are decay rate, damping ratio, and frequency of aeroelastic system
respectively. In the cantilever wing, the structural parameters: bending stiffness (𝐸𝐼), and
torsional stiffness (𝐺𝐽) are considered as Gaussian random variables. The details of stochastic
modeling and obtaining the eigenvalue derivatives can be found in [2-3]. The flutter onset is
encountered in aeroelastic system, when the parameters (𝑎) damping 𝜁𝑖 , (𝑏) product of
damping 𝜁𝑖 𝜁𝑗 , and (𝑐) flutter margin 𝐹𝑚 become zero at certain flow velocity. The limit state
functions (𝑔(𝒓)) can be defined in three different forms as:
*

𝑔(𝒓) = 𝜁𝑖 (𝒓)|𝑈𝑓 =𝑈 = 0

(2)
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𝑔(𝒓) = 𝜁𝑖 (𝒓)𝜁𝑗 (𝒓)|𝑈𝑓 =𝑈 = 0

𝑔(𝒓) = 𝐹𝑚 (𝒓) = ((

𝛽𝑗 (𝒓)+𝛽𝑖 (𝒓) 2

2(

𝜔𝑗2 (𝒓)−𝜔𝑖2 (𝒓)
2

𝑗

𝛽𝑗2 (𝒓)−𝛽𝑖2 (𝒓)
2

𝜔𝑗2 (𝒓)−𝜔𝑖2 (𝒓)

𝛽𝑗 (𝒓)−𝛽𝑖 (𝒓)

) ) − ((𝛽 (𝒓)+𝛽 (𝒓)) (

2

+

(3)

𝑖

2

2

) + 4𝛽𝑖 (𝒓)𝛽𝑗 (𝒓) (
𝛽𝑗 (𝒓)+𝛽𝑖 (𝒓) 2

)+ 2(

𝜔𝑗2 (𝒓)+𝜔𝑖2 (𝒓)

2

2

) ) ) |𝑈𝑓=𝑈 = 0

2

+
(4)

𝜇𝑔
⁄𝜎𝑔 and the corresponding
probability of failure due to flutter (𝑃𝑓 ) at flow velocity (𝑈) is 𝑃𝑓 = Φ(−𝛽𝑅 ), where Φ is
standard normal cumulative distribution function (CDF).
The reliability index in FOSM method is defined as 𝛽𝑅 =

2. RESULTS & DISCUSSION
The numerical data and Theodorsen’s function used in this study are taken from [4]. The mean
flutter velocity obtained from all three representations of limit state is found to be 137.38 m/s
as given in [4]. Figure 2 shows the CDFs of flutter velocity of cantilever wing due to 5% COV
in bending and torsional stiffnesses for various limit state functions using FOSM and MCS
(20000 Samples). It can be observed that the flutter velocities corresponding to 𝑃𝑓 = 0.5 are
same for all three limit state functions. The figure also indicates that the CDF of flutter velocity
obtained from FOSM method closely agree with MCS for limit state function based on flutter
margin and found to be conservative as compared to MCS. Further, it is noticed that the flutter
velocity is more sensitive to 𝐺𝐽 in comparison to EI. The descrepency in CDF of flutter velocity
obtained from MCS and FOSM for various limit state functions can futher be improved by using
First Order Reliability Method (FORM).
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Figure 2. CDFs of flutter velocity of a cantilever wing due 5% COV in (a) bending stiffness (𝐸𝐼) (b) torsional
stiffness (𝐺𝐽) for various limit state functions using MCS and FOSM

REFERENCES

1. T. Theodorsen, “General theory of aerodynamic instability and the mechanism of flutter,”NACA Technical
Rep. No. 496, Washington, DC, 1935.
2. S. Kumar, A. K . Onkar, and M. Manjuprasad, “Stochastic modeling and reliability analysis of wing flutter,”
J. Aerosp. Eng. 33 (5), pp. 04020044, 2020
3. S. Kumar, A. K. Onkar, and M. Manjuprasad, “Frequency domain approach for probabilistic flutter analysis
using stochastic finite elements,” Meccanica.19, pp. 2207-2225, 2019.
4. S. Irani and S. Sazesh, “A new flutter speed analysis method using stochastic approach,” J. Fluids Struct.
40(July), pp. 105-114, 2013.
Indian Institute of Technology Kharagpur
2|P a g e

st

1 Online International Conference on Recent Advances in Computational and Experimental Mechanics
September 4-6, 2020, IIT Kharagpur, Paper ID: ICRACEM/2020/VC-20-038

Verification of FRF decoupling method for simple coupled
systems to determine joint parameter
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1.

Introduction

Most of the time, during dynamics analysis of mechanical joint systems, we are not
considering the stiffness of joints and assuming it as pure rigid joint. The dynamic analysis
results may not be correct as we are totally neglecting flexibility of joints. So there is need to
determine joint stiffness for such coupled structures. FRF decoupling method is one of proven
method to determine such joint parameters. In decoupling methods, from known dynamics
behavior of coupled system and residual subsystem, unknown dynamics behavior of
substructure system is evaluated.
Derivation of decoupling equation:

Figure 1 two substructures connected with elastic coupling

Receptance FRF has been considered in this methodology.
Let, r = coordinates of subsystem of an only, j = connection coordinates of subsystem A, k =
connection coordinates of subsystem of B, s = coordinates of subsystem of B only. [HA] =
FRF matrix of subsystem A, [HB] =FRF matrix of subsystem A, [HC] = FRF matrix of coupled
system. Using below two equation, {Fj} = {-Fk} and [K*] {{Xj}-{Xk}} = {Fk} and basic
definitions of receptance related to force and displacements, we can arrive at below
decoupling equation to determine unknown K* matrix, which compromises stiffness and
damping parameter.
[K*] = [[Hks].[[Hss]-[Hcss]]-1.[Hsk]-[Hjj]-[Hkk]]-1
As can be seen from equation, it is required to have point FRF for coupled structure at s
coordinate Hcss, point FRF for both substructures at j and k coordinates Hjj and Hkk , cross FRF
for substructure B which is Hjk for calculation of K* matrix.
FRFs can be evaluated from experiemental results as well as from theorotical calculation
using modal synthesis method. For this study, FRFs are calculated using modal synthesis
method which uses mass normalized modal values. Later on, FRFs have been polluated ( as in
actual experiemental FRF evaluation, the measured FRFs are having measurment errors) and
stiffness evaluation is carried out specific frequencies which are more suseptible for FRF
change for given change of stiffness based on sensitivity of joints.
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The method has been verified for mass damper system, beam systems coupled with 3
translational springs, beam systems coupled with 3 translational and 3 rotational springs.
2. RESULTS

Figure 2. Two substructure are connected by specified stiffness parameter using combin element in Ansys

As for simple mass damper system one combin element is defined. For beam subsystems,
initially 3 translational stiffness defined in X,Y and Z dircetions. It is found that stiffness for
polluted FRFs shows good correlation at coupled systems's natural frequnecies.The mode
which is most sensitive for given DOF, shows good correlation even for polluted FRFs.

Figure 3. Finding most sensitive modes and stiffness will be more accurate at most sensitive mode

In above problem, FRFis polluted randomly.

Figure 4. FRF is polluted with constant value, stiffness shows corret value at most sensitive mode of frequency
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1. INTRODUCTION & OBJECTIVE

Cantilevered piezoelectric vibration energy harvesters are usually operated in the first mode and
analysed as a single degree of freedom (SDOF) systems. To improve their performance, a
displacement amplifying compliant mechanism dynamic magnifier made of steel is used along
with harvester made of copper substructure and mass to a two degree of freedom (2DOF)
harvester system. The designed compliant mechanism gives more amplified output
displacement at resonant frequency than the other present mechanisms. The relative
displacement (the difference of displacement at two ends of harvester beam) produced by the
proposed compliant mechanism harvester is compared with standalone cantilever energy
harvester at the same resonant frequency and a multi-mode dynamic magnifier with the same
geometrical constraints (length) for different values of displacement base excitation. The
designed mechanism has two mode shapes within the frequency of 50Hz and the two modes are
close, giving good bandwidth.
In our research, we use compliant mechanisms for excitation displacement amplification.
Compliant mechanisms are flexible mechanisms that attain their mobility from the flexibility of
their flexure hinges as opposed to the traditional links-joints mechanisms that attain their
mobility from hinges, bearings and sliders. They are advantaged over traditional mechanisms
for their ease of assembly, eliminated wear and backlash, lighter weights, and high precision.
In this paper, a displacement amplifying compliant mechanism is proposed which can be used
for piezoelectric energy harvesting that can operate at low frequency and provide more strain
for different mode shapes. One application to use piezoelectric energy harvester is to obtain
energy lost due to vibrations of the host structure [5]. The captured energy from the ambient
environment using piezoelectric energy harvesters has potential to overcome the limitations
such as limited lifetime, environmental pollution, and inconvenient maintenance [6-10].
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
A new compliant mechanism is proposed to act as a dynamic magnifier in piezoelectric
vibration energy harvesting. The configuration and the working principle of compliant
mechanism is verified by simulations. Three harvester beam configurations are studied viz.
harvester with proposed dynamic magnifier, harvester beam in standalone cantilever
1
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arrangement and multi-mode harvester beam. The value of output relative displacement
produced by harvester with proposed dynamic magnifier, harvester beam in standalone
cantilever arrangement and multi-mode harvester beam for input base excitation of 0.04mm are
14.65mm, 3.85mm and 12.96mm respectively. The relative displacement produced by the
harvester with proposed compliant mechanism dynamic magnifier is higher than that in
cantilever and multi-mode harvester.
Table 1. Relative Displacement values for different mechanisms with base excitation of 0.04mm.

Mechanism

Standalone Cantilever
arrangement
Multi-mode harvester
beam
Compliant mechanism
with harvester beam

Frequency Frequency
at mode 1 at mode 2
(Hz)
(Hz)
35.25
*

Relative
displacement at
mode 1 (mm)
3.85

Relative
displacement at
mode 2 (mm)
-

5.65

27.63

12.96

4.88

12.97

36.34

14.65

6.62

*Mode 2 for Cantilever arrangement is not under 50Hz.

Hence proposed dynamic magnifier can be implemented in improving the performance of
piezoelectric vibration energy harvester. This mechanism can be used for amplifying excitation
displacements for energy harvesting purposes. When connected to a harvester, the amplified
vibration can be used to generate power. The proposed compliant mechanism contains few
mechanical parts, which makes it ideal for implementation in harsh and potentially hostile
environments, especially if miniaturized versions can be manufactured at low cost.
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1. INTRODUCTION AND OBJECTIVE
The damage detection techniques based on the vibration of the structures have gained
significant attention for the health monitoring of the structures. These techniques focus on the
detection of damage location as well as the extent of damage present in the structures based on
the structural modal data i.e. eigenvalues. In the present study, both undamaged and damaged
glass fibre reinforced plastic (GFRP) plates are modelled numerically to obtain the
eigenvalues and eigenvectors using the finite element method. The vibration-based damage
detection technique is implemented which minimizes an error function which represents the
difference between the eigenvalues of the damaged plate and undamaged plate obtained
numerically. The minimization of the error function is carried out using a metaheuristic based
algorithm namely Teacher-Learning based Optimization (TLBO). The undamaged plate
model is updated to match its response with the response of the damage model. In this paper,
the error function is constructed based on the natural frequencies of the plate models. It is
observed that the vibration-based damage technique coupled with TLBO algorithm is efficient
for detection of damage location and severity in the plates.
2. RESULTS AND DISCUSSION
The damaged and undamaged plate of size 400 mm by 300 mm are modelled using finite
element method based software ABAQUS and the natural frequencies and corresponding
mode shapes were obtained. The damage in the plates was provided by removing material at
certain locations i.e. reducing half of the thickness of the plate at the locations. The damage
cases considered are S1 (single element damaged), S2 (two elements damaged) and S3 (four
elements damaged). The damage size for all the cases is fixed to 40 mm with variation in the
number of elements. The damage locations for the cases are shown in Fig 1. The TLBO is a
population-based metaheuristic algorithm and is implemented to minimize the error function
and to determine the location and severity of the damage in the composite plate. The damage
detected results obtained from the TLBO algorithm is presented in Table 1.
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Figure 1 Locations of damage in the composite plate
Table 1 Estimation of damage in GFRP plate using TLBO algorithm

Damage Damage induced
Detected
Detected
Remarks
cases
location
damage (in m)
(in m)
S1
0.005
L1
0.0048-0.0052
Damage detected
S2
0.005
L2, L3
0.0045-0.0055
Damage detected
S3
0.005
L4, L5, L6, L7 0.0040-0.0060
Damage detected
The results from the TLBO algorithm shows that the algorithm efficiently identifies the exact
damage location. However, the extent of damage in the composite plate is identified with little
error for the plate with multiple damage locations. A good convergence of the error function is
observed for both single and multiple damage cases.
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1. INTRODUCTION & OBJECTIVE

A stiffened plate is the plate attached with ribs which are often provided to improve its stiffness
and thereby enhancing its load-carrying capacity. In many engineering structures such as floor
systems, ship structures, aerospace, and highway bridges, stiffened plates are used more
effectively to elevate the strength-to-mass ratio and make the structure economical. Dynamic
response under the moving load of the stiffened plate is one of the most required analyses among
the modern engineering design since it is subjected to dynamic loading consistently.
Some of the published literature for a dynamic response under moving load using different
methods have been investigated for rectangular plates in the references [1]–[8]. As compared to
the literature for the dynamic analysis under moving loads of plates, the dynamic response of
the curved plates is rare. Thus, this paper attempts to determine the dynamic responses under
moving loads of a curved bare plate and a stiffened plate due to a moving load using the finite
element method and FEAST software.
The dynamic responses of a curved annular sector bare plate and a stiffened one subjected to
moving loads are presented as numerical examples. A finite element MATLAB code is
developed to offer an efficient solution for the analyses of both unstiffened and stiffened annular
sector plates by introducing an isoparametric quadratic plate bending element that can fit in with
curved boundaries. The formulation of the plate and stiffener elements are derived separately.
Also, in the present formulation, the shear deformation is accounted for. The deflection for each
time step has been presented using Newmark integration method. The example results have
been verified with FEAST (Finite Element Analysis of STructures) software, which is the Indian
Space Research Organisation’s structural analysis software based on finite element method
developed by the structural engineering entity of Vikram Sarabhai Space Centre(VSSC). The
comparable results show the effectiveness of the method. The deflection has been investigated
for the plate subjected to a moving massless load with constant velocity. The ratio of dynamic
deflection to the static deflection variation (DAF) is also reported in this paper.

2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS



A quadratic plate element with three degrees of freedom per node is considered for the
analysis where the plate and stiffener elements formulations are derived separately. The
shear deformation is also taken into consideration.



The formulation for mass and stiffness matrices and load vectors have been derived
using the finite element method (FEM).



The deflection, velocity and acceleration have been calculated for each time step using
the Newmark Integration method. The initial deflection and velocity values for each
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nodal point are known values. In this study, β=0.25 and γ=0.5 are used for integration
accuracy and stability.


The dynamic responses of the annular sector bare plate and plate with stiffeners are
determined using FEM and validated with the FEAST software. The results have been
presented by time vs DAF graphs.

.
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1. INTRODUCTION & OBJECTIVE

Simplified hysteresis models can predict mechanical behavior of structure in a approximate
yet realistic manner, which is more acceptable to predict the overall behavior of a structure.
Development of hysteresis models starts with bi-linear hysteresis model which are primarily
not able to predict the damaging effect due to lack of degradation characteistics. Recognizing
the same it is obvious that incorporation of strength and stiffness degradation in hysteresis
behavior can represent the actual behavior more realistically. Though some studies on
hysteresis model with the inclusion of cycle by cycle progressive damage has been conducted
by various researcher, but those studies not seem very promising due to greater deviation from
experimental results. However, a study by (Dutta and Das 2002) with their proposed analytical
hysteresis model (as shown in Fig-1) shows good result and also required very few parameter
as input, but still significant deviation from experimental results is evident.
In this backdrop, the current research is an effort to enhance the performance of the previously
mentioned hysteresis model by incorporating hardening and softening behavior in terms of
post yielding stiffness and pinching stiffness respectively, keeping the requirement of input
parameters as low as possible. The proposed hysteresis model is shown in Fig-2.
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The present developed model involves with only four input parameters namely – Inintial
loading stiffness (k ) , Initial yiled strength (Fy), Strength degradation factor (δ) and Stiffness
ratio (α). From the reproduced analytical load displacement curve by developed model
compared to corresponding experimental curves (as shown in Fig-3), it is easy understandable
that the curves produced by developed model are closer to experimental curve and the
performance of the previous model is relatively inferior to the developed model.
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Figure-3

The deviations from experimental results in most of the cases are below 10% which is likely
acceptable. Further details study on consideration of input parameters and details study on the
performance of the developed model with the modelling philosophy is apprehended in the
main paper.
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1. INTRODUCTION & OBJECTIVE

The demand for vibration based energy harvesting has increased over the decade. The
motivation for the researchers in this area is to decrease the requirement of the external power
source and reduce the maintenance cost. Piezoelectric based energy harvesting has gained large
attention due to its ease of application and capability to harvest larger energy densities.
Therefore, researchers have now focused on enhancing the efficiency of the energy harvesters
by modifying the design of the substrate beam. Many approaches have been adopted by
changing the size, shape & thickness of the beam. The use of laminated composite beams will
provide another dimension to the issue. This will have more impact in the field of energy
harvesting because of the demand of laminated composites. Here the material properties,
dimensions, orientations of each layer can be easily tailored. Many researchers have combined
piezo-materials with the substrate, layer by layer to make that as a laminated beam. But, in this
study the substrate is made up of laminated composite such as glass fiber epoxy with different
fiber orientations and piezoelectric material is attached to both top and bottom surfaces. For this
purpose, a three dimensional finite element model is developed. Carbon fiber reinforced
polymer is considered to model the laminated substrate beam and PZT-5H is taken as the
piezomaterial. The model is validated with the available literature and the results are in good
agreement. Further, convergence study is also conducted. The laminated composite beam is
subjected to base excitation at the resonant frequency and the effect of different material
parameters, geometrical parameters, initial condition, stacking sequences of the lamina on the
displacement and power output are studied. The novelty included in the present work are
consideration of taper in piezo-patches and addition of structural damping in the cantilever
modeling. Both series and parallel configurations are accounted.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The geometry and configuration of the laminated cantilever beam is shown in Figure 1. The
laminated substrate beam is modelled using four layers of cross-ply configuration. An efficient
mathematical model has been developed for evaluating the performance of the laminated beam.
Similarly, a three dimensional finite element model is also developed for performing the
parametrical studies. At first the beam is subjected to free vibration and the natural frequencies
of the first eight modes are obtained. The beam is divided into 5 to 15 elements till the
1
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convergence of first few frequencies are obtained. Furthermore, the beam is excited from the
base at the fixed end to obtain the displacement and output voltage. Similarly, using Newmark
method the time dependent displacement and voltage is also calculated. Additionally,
parametric studies are also performed to understand the behaviour of different material and
dimensional parameters.
hp
hs
hp
L
Figure 1: Schematic diagram of the laminated smart beam
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Figure 2: Average power output

Figure 3 : Cantilever displacement

Fig. 2 shows the output average power due to base excitation at the fixed end. It is found that
the displacement and output power is maximum at the resonant frequency. The displacement of
cantilever is shown in Fig. 3.
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1. INTRODUCTION AND OBJECTIVE

Tremor is a primary symptom of Parkinson's disease in which involuntary, rhythmic, oscillatory
movements of one or more body parts arise [1]. The involuntary movement disorders of
Parkinson’s disease (PD) patient causing tremors in the forearm, wrist, neck, complete hand and
other different body parts. In India, the population of tremors based PD patient are around 25
per 1 lakh people but in countries like USA, Singapore and France tremors PD patients are 237
per 1 lakh people [1-3]. Globally more than 4% of the population over 40 years suffer from
tremors [4]. The most common targets of tremors in PD patients are on the hand and neck
portions. Tremors in PD patients are related to neurological disorders and often very difficult to
treat the patient completely with medication and surgery. Therefore, many mechanical based
attachments are developed [5] to suppress the constant vibration of the forearm and wrist of the
PD patients. There are usually five types of tremors namely resting tremors, action tremors,
postural tremors, intention tremors and task-specific tremors, which vibrates certain part of the
body at a frequency range of 3 to 6 Hz [1-4]. Among these resting tremors are more common
which falls under the category of essential tremors. The present theoretical work is an extension
of the experimental by Buki et. al [4], where they have used a linear passive vibration absorber.
To suppress tremor in the forearm an optimal nonlinear active vibration absorber (NAVA) is
considered in the present analysis. The NAVA is modeled as a bracelet which can be attached
in the forearm of the patient suffering from wrist tremor. The mathematical analysis is
undertaken by considering the forearm as a single degree of freedom (SDOF) main structure
with nonlinear spring, mass and damper. The bracelet/NAVA is also modeled as an SDOF
system with nonlinear spring, mass, damper and an actuator. The governing equation of the
system is derived and then solved by using harmonic balance method to obtain the reduced
amplitude-phase equations. The optimum parameters for the NAVA are considered from the
author’s previous work [6]. It is observed that with optimal NAVA a reduction of 90% in the
response amplitude of the forearm is achieved compared to the passive vibration absorber from
the recent work of Buki et al. [4]. The analysis is extended by studying the effects of active
force and nonlinear stiffness for various external harmonic excitations acting on the forearm.
2. RESULTS AND DISCUSSIONS
In this section, the performance of the NAVA on the nonlinear SDOF forearm/main structure
is studied by the frequency response curves, time responses, phase portraits and Poincare
sections for various system parameters. The comparison of tremor suppression of the forearm
by the frequency response curves are shown in Fig. 3 for various system parameters such as
1
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with and without the active control force, without absorber and with the proposed optimal active
absorber. From Fig. 3(a) it is observed that with the active control force the response amplitude
of the forearm reduces to 90% than the work of Buki et al [4]. The vibration of the absorber also
reduces as shown in Fig. 3(b). The efficacy of the active force os also studied when the forearm
is subjected to two external harmonic excitations as F cos(t ) and F cos(2 2t ). Here F , 
and t denotes the amplitude of the external excitation, frequency and time respectively. In the

Fig. 1. Frequency response of the passive and active system (a) forearm (b) bracelet.

Fig 2 the term x1 represents the displacement of the forearm. From Fig. 5(a-c) it can be observed
that with the active force the 64% of the vibration response amplitude of the forearm reduces
but induces many harmonics. The phase portraits and Poincare’s sections in Fig. 5(b-c) shows
quasiperiodic response by with and without the active force. In the full-length paper, extended
analysis will be carried out by studying the effects of cubic nonlinear stiffness and active force.

Fig. 2. Time responses, phase portraits and Poincare sections for multi external harmonic excitations on the forearm
by with active force (
) and without active force (
).
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1. INTRODUCTION & OBJECTIVE

The umbrella code for concrete in India IS: 456 was last revised two decades back and needs
immediate revision to incorporate appropriate modifications and improvements in the domain
of materials, production and design of plain and reinforced concrete. As per prescriptive method
of design specified by our standards designers have the option of designing a RC section in
flexure within the range of two extreme conditions i.e. balanced and maximum under reinforced.
No specific recommendation or guideline is available regarding the choice of the section. Many
designers are of the opinion that in balanced condition both the materials are optimally used and
hence it is better. But the performance of an under-reinforced section is much better than that
of a balanced one. The yielding of steel and plastic rotation of the section is maximum for
maximum under-reinforced section and minimum for a balanced one. Again, a designer opts for
a doubly reinforced section only when the external bending moment exceeds the limiting or
balanced moment of resistance as a singly reinforced section. Thus, all doubly reinforced
sections are designed as balanced in nature. Civil engineering designs are generally never tested
for the design loads and hence the efficacy of design is very difficult to ascertain. It depends on
the skill and technical foresight of the designer. The performance of a structural element should
be assessed properly up to and beyond design loads i.e. under overloading and it needs to be
ensured that failure occurs in flexure only as excepting this mode all other failure modes are
brittle. For ensuring ductile failure the total strain at failure should be high and in this context,
ductility plays a very vital role. However, for achieving higher levels of ductility higher plastic
rotations are necessary. In the present paper an attempt has been made to quantify the plastic
rotations of maximum under-reinforced sections. It has been observed that with the minimum
percentage of steel as per IS:456 the plastic rotations of sections are very high and seem to be
virtually impossible to be actually mobilized especially for deeper RC girders. These high
rotations might result in actual collapse of the section. The codes do not furnish any information
regarding the desirable values of plastic rotations of beams.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The numerical values of plastic rotations for maximum under-reinforced section where
minimum amount of tension reinforcement are provided as per IS: 456-2000 are presented in
the paper for different combinations of concrete and steel. These sections lie very much in the
domain of LSM of collapse but since the deformation of the section need not to be checked in
collapse condition, the designers have no information whatsoever whether these high values of
rotations can actually be mobilized in RC sections or these can lead to actual collapse of the
section. The designers have no idea whether these rotations are actually occurring. No values
of permissible rotations, displacement of beams or columns are specified in IS:456-2000 for
limit state of collapse condition.
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Performance-based design, which deals with structural performance levels beyond limit
state, is a process of designing new buildings or seismic upgradation of existing buildings which
include a specific intent to achieve defined performance objective. These different performance
levels or performance objective are generally specified corresponding to immediate occupancy
(IO), life safety (LS) and collapse prevention (CP) states. Specialist literature and international
guidelines like ATC40 and FEMA 356 dealing with performance-based design provide
specified numerical value of rotation of beam at different states beyond limit state namely at
IO, LS and CP levels. The corresponding values of plastic rotations in flexural members are
based on these requirements. The maximum values of plastic rotation for IO, LS and CP states
are 0.01 ,0.02 and 0.025 radians respectively. Hence the rotations for maximum under
reinforced sections using limit state method are compared with the different combinations of
the above-mentioned influencing parameters which clearly indicate that if the requirements of
IS: 456 are followed for providing minimum reinforcement in a singly reinforced sections the
plastic rotations in flexural members exceed the state CP for most combinations of concrete and
steel. However, if the minimum tension reinforcement is provided as per IS-13920-2016
considering a singly reinforced section, the maximum rotational displacement in flexural
members are restricted below the values of LS.
An important shortcoming of LSM is that performance of the structure is never checked at the
ultimate state or collapse level and only checked at limit state of serviceability. However, if
minimum tension reinforcement is provided in a singly reinforced section, as per IS: 456-2000,
the displacement /rotation may lead to severe damage in the section which will go beyond
collapse limit state to higher limit states namely IO, LS, and CP. But these rotations can be
restricted if maximum strain in steel is limited. However, no such limitation is available in IS:
456-2000 and this is the severe shortcoming of IS: 456-2000.
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1. INTRODUCTION & OBJECTIVE
Carbon nano tube reinforced polymer composite (CNTRC ) is important discovery in the
field of nano composite materials. The requirement of high performance material in marine,
aerospace , automobile industries felicitate its wide application; owing to its specific
properties like low density high strength and stiffness. Because of light weight, CNTRC
structures are susceptible to resonance failure; hence modal analysis of CNTRC elements is
important research area. Modal analysis evaluates natural frequency, mode shapes and
damping characteristics of elements .In recent times, due to development in instrumentation
and computerized data acquisition systems experimental modal analysis has become possible
and became important tool to study real time dynamic behavior of elements.
Till date many investigations have been conducted to study vibration analysis of CNTRCs
elements (beam, plates, shell etc.) by using analytical and numerical methods mainly by
following traditional FEM or advanced meshfree methods (1-4). Most of these studies are
theoretical and few experimental studies are available (5-6) in open literature Hence the
objective of the present work is experimental free vibration analysis of CNTRC plates. Hand
lay-up technique is used to prepare CNTRC plates with 0.1, 0.3 and 0.5 wt.% of multiwall
CNT. Vibration characteristics in terms of natural frequency and mode shapes are determined
experimentally for CNTRC plates of different aspect ratio, side to thickness ratio and
boundary conditions. A code in MATLAB environment is developed by using Finite element
method (FEM) for validating the experimental results.

2. Methodology, Result and Discussion
The whole work is executed in three stages,
2.1. Characterization of MWCNT reinforced composite material: The composite mix are
prepared by using Lapox L-12 and K-6 hardener in 1: 10 proportion as hosting matrix and
MWCNT of weight proportion of 0.1%,0.2%,0.3%,0.4% and 0.5% as reinforcing material.
Standard tensile specimens (250 x 25 x 2.5) mm are prepared for each mix and tested using
INSTRON 8862, following ASTM standard (D3039/3039M -2014) to determine tensile
strength and Young’s modulus.

Fig1.

(a) FRF
(b) Auto-spectrum
(c) Coherence
Fig2. Graphs of cantilever CNTRC plate (a=b=235 mm) with 0.3% CNT, a/h =100.

The experimental results for Young’s modulus are shown in Fig.1, it is found that addition of
0.1, 0.2, 0.3, 0.4 and 0.5 wt. percentage of CNT increase the Young’s modulus by 15.45%,
27.62%, 55.38%, 37.21% and 3.13% respectively. An increase is observed upto 0.3% and
thereafter decrease in Young’s modulus is observed due to agglomeration of CNTs in the
mix.
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2.2. Free Vibration Test : In second stage experimental free vibration tests are conducted
using Bruel and Kjaer (B&K) Fast Fourier Transform analyzer with pulse platform on
fabricated CNT reinforced composite square plates of size 235mm x 235mm with different
weight percentages (0.1, 0.3, and 0.5) of MWCNT , aspect ratio (a/b ratios=1,2,3,4 and 5),
edge-to -thickness ratio (a/h = 20, 40, 60, 80 and 100 ) under CFFF and CCCC boundary
conditions. Modal frequencies of CNTRC plates are measured in form of frequency response
functions (FRFs) (Acceleration per force Vs Frequency ) , auto-spectrums graphs (amplitude
Vs frequency ) and coherence graphs representing accuracy of measurements for each case. A
typical set of these graphs are shown in Fig 2. Both the FRF and autospectrum shows the
same frequencies of vibration .
2.3. Finite Element Analysis: In third stage, numerical free vibration analysis of CNTRC
plates are conducted by using FEM based on first order shear deformation theory to validate
the experimental results. A code in MATLAB environment is developed for the analysis.
Experimentally obtained material constants are used in numerical analysis.
The following conclusions are drawn from the present study
An increase in frequency of vibration is observed till 0.3% of CNT in composite for all plates
with different a/h ratios and CCCC & CFFF boundary conditions as shown in Fig.3 and Fig.4
due to increase in Young’s modulus as observed experimentally.

Fig.3

Fig.4

Fig.5

Fig.6

The natural frequency of vibration is observed to be decreasing with increasing a/h ratio of
the composite plates as shown in Fig.5. Thick plates exhibit higher frequency than thin plates
due to increased stiffness of the plate. The frequencies of vibration of plates with 0.1, 0.3 and
0.5 wt. % of CNT are determined experimentally for aspect ratios a/b (1, 2, 3, 4 and 5) under
CFFF boundary condition only. It is observed that with increase in the aspect ratio the
frequency of vibration increases significantly as represented in Fig.6. Natural frequency
observed under CCCC condition are more than that observed by CFFF boundary conditions
as shown in Fig3 and Fig 4, since all-clamped (CCCC) boundary condition imparts more
stiffness than cantilever (CFFF) to the plate. The numerical and experimental results are
found in close proximity.
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1. INTRODUCTION & OBJECTIVE

Seismic waves in layered media have considerable importance in the field of seismology and it allows us to
make inferences about certain properties of the Earth’s interior through which the wave travels. Dispersion
characteristics of seismic surface waves play a very crucial role in such objectives. The basic literature on the
propagation of elastic waves in different elastic solids are provided in Ewing et al. [1] and Achenbach [2].
Among all the seismic (elastic) waves generated during earthquake or due to localized impact, shear wave is
the most important one. The horizontally polarised shear (SH) wave, a type of seismic surface wave is a useful
indicator for possible fluid pathways because with the increase in permeability of the medium, velocity of
shear wave propagation through it decreases. The study of propagation of shear wave is useful in assessment
of hydrological properties of the medium, in particular the oceanic basement rocks. The study of wave
propagation in cylindrical structured media for its dynamic behaviour became the subject of great interest in
many fields such as seismology, geophysics, and some engineering streams [3] including mechanical,
aerospace and geotechnical engineering, etc. Such a cylindrical structure occurs practically in various
engineered form like pipes, aircrafts, submarines, missiles, rockets, borehole and power transmission shafts
are typical cylindrical structures. Many researchers have investigated the propagation of elastic waves in
cylindrical layered structures using different analytical approaches following the theory of elasticity [4–8]. In
view of above facts, this study find its motivation to consider the propagation of shear wave in a triple layered
cylindrical composite structure.
The present work delves into the propagation of shear wave in a cylindrical layered structure comprised of
three concentric isotropic layered medium. Model has been formulated in cylindrical co-ordinate and
analytical approach is employed to achieve the closed form of dispersion relation. Application of Debye
Asymptotic Analysis to tackle the complexity arisen due to involvement of Hankel’s Function in the solution
treatment is one of the key feature of the present article. Deduced dispersion equation is shown to be in well
agreement with the classical Love wave equation in the absence of outermost layer medium through Debye
Asymptotic Analysis. The present analysis highlights the influence of wave number and various radii ratios of
the concentric layered elastic medium on the phase velocity of shear wave propagating in the embraced
structure through numerical computations and graphical demonstration.
2. FORMULATION OF THE PROBLEM
Let us consider the propagation of shear wave in an infinitely long horizontal cylindrical structure which is
constituted by three concentric isotropic media with distinct width. In many respects, surface wave
propagation in elastic solid layered cylindrical structure is analogous to that in a rectangular elastic layered
structure. Let r1 , r2 , r3 be the radii of innermost, intermediate and outermost media with 0  r1  r2  r3
respectively, whereas h1   r2  r1  , h2   r3  r2  be the width of intermediate and outermost layered media.

Introducing the cylindrical coordinate  r ,  , z  of a point inside the Earth model with z -axis being along the
axis of the cylinder as shown in Fig. 1. The direction of propagation of wave over the cylindrical surface is
symmetric about the axis of the cylinder consequently along the rotating angle  . For this model, the term
shear wave stands for horizontally polarised shear wave.
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The equation of motion governing the small elastic disturbance in the cylindrical structure in the absence of
body forces is given by
 rr 1  r  rz  rr   
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where  is the density;  rr , r , rz , , z , zz are
stress components with displacement components
u, v, w of particles in r, and z direction
respectively due to the propagation of shear wave.
Fig. 1: Geometry of the problem.
The stress-strain relation for an isotropic material is expressed as
 ij   ij   eij
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where  and  are Lame’s constant, eij are strain components and  is dilatation. The strain components eij
and dilatation  are delineated in terms of displacement components as
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The propagation of shear wave over the cylindrical surface is symmetric about the axis of cylinder, so that the
displacement may assumed to be independent of z and characterized as
 
u  v  0, w  w  r ,  , t  ,
 0.
(5)
z
With aid of Eqs. (2) – (5), the only non-vanishing equation of motion for shear wave propagation about the
cylindrical surface can be obtained from Eq. (1) as
 2 w 1  2 w 1 w 1  2 w



;    .
(6)
r 2 r 2  2 r r  2 t 2
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1. INTRODUCTION & OBJECTIVE

Spectral element method (SEM) is an efficient technique for dynamic analysis for damped
periodic structures. In SEM, the dynamic stiffness matrices (DSM) is derived based on the
frequency-dependent shape functions and calculated from the exact solution of the governing
differential equations [1]. The method is a frequency domain approach for steady-state
harmonic or stationary random excitation problems [2, 3, 4, 5]. However, the dynamic
stiffness matrix obtained from SEM is a function of the frequency and results in a nonlinear
eigenvalue problem (NLEP) which can't be solved for natural frequencies and mode shapes
using linear eigensolvers [6, 7, 8]. The determinant search algorithms such as NewtonRaphson method, secant method etc.[6, 8] are commonly used techniques to find natural
frequencies obtained from SEM [7]. These algorithms are suitable for finding a local zero of
the determinant of dynamic stiffness matrix within a specific frequency band but they are not
applicable for the global search of multiple modes and closely spaced modes.
To overcome the above mentioned problem, the linearization of Lagrange matrix
interpolating polynomial [9, 10] has been used to compute the eigenvalues of the dynamic
stiffness matrix obtained from SEM. The matrix pencil of barycentric Lagrange polynomial
[10] is used to linearize the nonlinear eigenvalue problem and a rational polynomial
approximation of the determinant of dynamic stiffness matrix [11] is used to remove poles in
the presence of singularities. The constructed matrix pencils are solved using linear
eigensolvers to estimate the natural frequencies and modeshapes of the structure.
Hence, the proposed method in this paper can consider the material damping of the
structure and solves the NLEP even in the presence of singularities and closely spaced
eigenmodes. The applicability of the algorithm has been shown for various periodic structures
as an illustrative example in which closely spaced modes and mode shifting often noticed in
low frequencies as well. The eigenvalues are estimated from the reduced dynamic stiffness
matrix for square, triangle and honeycomb lattices by applying periodic boundary condition
from Bloch’s theorem.
1
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2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The accuracy, stability, and performance of the proposed algorithm for SEM has been
thoroughly examined through numerical solutions. This method for finding the natural
frequencies and corresponding vibration modes of SEM can be beneficial for a wide range of
applications encompassing system identification, damage detection, structural health
monitoring, soil-structure interaction etc.
The current paper describes the SEM formulation in conjunction with the periodic boundary
condition from Bloch’s theorem for various constitutive frame geometries and identifies the
natural frequency and modeshapes using the proposed algorithm. The numerical SEM models
are used to validate the algorithm in terms of accuracy, stability and convergence. In the
paper, the plot of irreducible Brillunion zone, iso-frequency contours are elucidated for
different constitutive geometries.
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1. INTRODUCTION & OBJECTIVE

Past earthquakes, especially in developing countries, have indicated that major loss of life often
occurs due to the collapse of poorly constructed buildings. If the level of seismic demand on
these buildings is reduced through a simple but reliable engineering solution, this would result
in much safer design. The isolation system reduces the effects of an earthquake by essentially
isolating the superstructure and its contents from potentially damaging ground motion.
(Govardhan, 2018). During the earthquake, due to the torsion of stories in asymmetric
structures, destructive effects on structures arise. Therefore, because asymmetric structures are
more vulnerable to seismic loads, researchers have paid more attention to the behavior of such
structures. In buildings mass asymmetry is usually present at different floor level. Due to this
mass asymmetry in building, the center of mass does not coincide with the center of stiffness
causing eccentricity. As the eccentricity increases, resulting in increase in displacement and the
torsion in building (Colunga, 2002). The study presented herein brieﬂy summarizes how the
parameters described above impact specific helpful design parameters for isolators, such as
displacement ductility demands, and peak displacements. The variation of displacement in the
superstructure in terms of ratio of maximum displacement and average displacement on
different types of soil is also focused.
2. MODELLING AND ASSUMPTIONS
Structural Model Considered: The three different cases of building models differing in the
number of stories (3, 5 and 7) are considered for the study. The building is regular in elevation
and symmetric with respect to two main orthogonal axes. Three ground motions of different
magnitude and maximum acceleration are selected for the study. The ground motions details
are given in Table 1. The ground motion acceleration records are selected based on the variation
in the predominant frequencies and other parameters. Spectrum compatible time histories are
generated for the response spectra of three cases (IS 1893, EC8 Type1 and EC8 Type2). Each
case with two different types of soil scaled to Zone IV (0.24g) are considered.
Table 1. Ground motions details selected for the time history analysis
Sl No

Name and year

Magnitude

Maximum
Acceleration (g)

Predominant
(sec)

1

Chi-Chi 1999

7.62

0.364

0.620

2

Kobe 1995

6.90

0.345

0.160

3

Northridge 1994

6.69

0.568

0.260
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3. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Results are plotted in terms of ratio of maximum displacement to average displacement with
respect to eccentricity.
i.
It is observed that the displacement ratio increases with the increase in the eccentricity
in the building.
ii.
There is not much increase in the displacement ratio of three storied building up to 10%
eccentricity and after that displacement ratio increases to 35% of the average displacement at
20% eccentricity. In all cases the variation of displacement is almost linear. In case of medium
soil, variation in the displacement ratio of building is same for Kobe and Northridge
earthquakes.
iii.
The maximum displacement ratio in case of five storied building is 1.42 for the Chi-Chi
ground motion for the EC8 Type 2 case. The variation of displacement in case of EC8 Type2 is
more as compared to other two cases.
iv.
For seven storied building the variation of displacement ratio for IS1893 is different
from the other two EC8 cases. For Kobe and Northridge earthquakes for medium type of soil,
the displacement ratio is more in case of EC8 as compared to hard soil. The maximum
displacement ratio is 1.55 for the Chi-Chi ground motion for the EC8 Type 1 case. Since EC8
Type2 spectra is for low to moderate seismicity and for short period range, the variation in the
displacement ratio for hard soil is slightly different from the medium soil up to 10% eccentricity
and for higher ratio of eccentricity the variation is almost same.
v.
For all the three codes, equations are derived to obtain the upper bound and lower bound
values of the displacement ratio. For short period range EC Type 2A values are higher and for
long period range EC Type 1A values are higher. IS 1893 slightly matches with the results of
EC Type 1A.
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1. MOTIVATION

Structural design aims to attain an optimal balance between economy and safety. Design
codes provisions ensure, either through prescriptive or performance based criteria, a set of
minimum acceptable safety levels. A structure has multiple performance requirements; in
modern design each such requirement is expressed through a limit state function g(X) of the
basic structural variables (X) such that g>0 denotes the acceptable state while g≤0 indicates
failure. The failure probability, corresponding to each g is P(g≤0) and, the reliability index β, a
popular measure of structural safety, is defined as:
β = Φ (1-P )
……..(1)
where Φ is the normal distribution function. Assigning or ensuring target reliability index β is
the central objective of modern design codes.
-1

f

2. EVOLUTION OF STRUCTURAL DESIGN CODES
As Freudenthal (1947) [1] aptly put it, “With increasing perfection of design methods the
element of ‘ignorance’ can be largely eliminated; but the element of ‘uncertainty’ is caused by
circumstances that can be changed, to a certain extent, but never be removed.” He proposed
that the factor of safety should be influenced by both fluctuations in ‘strain’ and ‘resistance’,
or ‘load and carrying capacities’.
Today, uncertainty is implemented in structural design codes using the Load and Resistance
Factor Design (LRFD) based on Freudenthal’s idea, also known as Partial Safety Factors
(PSFs). The basic difference between Allowable Stress Design (ASD) and LRFD is that the
former uses only one factor of safety while the latter uses one factor on the resistance and one
each for the different load effects [2]. Its first usage in structural design codes date back to the
1970s and 80s, for example, CSA Standard S16.1-1974 [3]. The gradual change from the
traditional ASD (working stress method) to the newer LRFD (limit state method) can also be
seen in the evolution of the American Institute of Steel Construction (AISC) specifications
code, from the 1978 AISC ASD specifications to the 1986 AISC LRFD specifications [4].
3. MODERN CODES AND THEIR PHILOSOPHIES
Several codes and standards have been established specifying optimum target reliability
indices for buildings, bridges, etc., striking a balance of weightage between consequences of
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failure (with a special emphasis on loss of human life) and cost of safety measures. These
performance-based codes have outsourced a greater responsibility-that of decision making-to
the designer than the traditional prescriptive codes used to. The paper takes a look at the
recommendations provided in the latest revisions of a few such codes, including Eurocodes
(EN 1990:2002), International Standards (ISO 2394:2015, ISO 13822:2010) and American
codes (ASCE 7-16, AASHTO LRFD). A comparative study between the standards from
different regions of the world has also been included.
In recent times, an increasing preference is being given to explicit assessment over implicit.
Accordingly, in addition to the already existing techniques of risk assessment, researchers
have been working towards developing other, and better, analytical methods of doing the
same, for example, the Life Quality Index Principle (Nathwani 1997 [5]), which has been
widely accepted over the past couple of decades. The paper summarizes some of the recent
analytical methods, like Individual Risk criterion, Life Quality Index Principle, Cost Analysis
method and social acceptance criteria, like Frequency-Consequence (F-n) curves and the
relationship between number of fatalities and area of collapse.
4. CURRENT CHALLENGES AND FUTURE DIRECTIONS
The most pressing challenge faced by reliability engineering is the present lack of acceptance
of it among the civil engineering fraternity. Compared to implicit assessment codes, the
number of reliability-based standards available is not that many. Managers and plant owners
do not, yet, have enough incentive to invest the cost and time needed for risk/reliability
analyses.
Even if the practice is adopted by the masses, the demanding question of ‘How safe is safe
enough?’ is always there to deal with; there is a constant trade-off between minimum
allowable reliability and the cost needed to implement that reliability.
The most dangerous failures in the history of structural engineering have been due to human
error rather than uncertainties in loads and resistances used. A risk analyst cannot, as such,
disregard the role of human error in computing the probability of failure. In the upcoming
years, structural reliability research needs to come up with techniques to manage human error,
too, along with the other uncertainties currently in consideration.
Explicit risk assessment provides a quantitative basis for structural engineers to deal with
uncertainty while making decisions. Establishing the target reliability index aims at
incorporating diverse effects of failure such as risk to human life, environmental effects,
economic loss, etc. In the upcoming years, as observed for a fairly long time now, we may
expect the role of risk and reliability to keep increasing further in the field of structural
engineering.
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1.INTRODUCTION

This paper presents a stochastic model of fatigue-induced crack propagation in stressed metallic
structures subjected to cyclic loads. The uncertainties that govern the fatigue crack propagation
like material properties, environmental conditions and cyclic mechanical loads are mostly
random in nature. Stochastic processes thus provide us with an excellent framework to model and
predict the crack propagation.
2. BACKGROUND
The earliest approach to stochastically model fatigue-induced crack growth was by Lin and
Yang [1] and Spencer et al. [2]. Both of them multiplied the deterministic law of fatigue crack
growth with a non-negative random process. Sobczyk and Trȩbicki [3] have randomized the
coefficients of the established deterministic model to represent the uncertainties due to material
inhomogeneity.In order to account for a possible correlation between the elementary increments
the Morgenstern model for the joint probability distribution is adopted and the moments of the
crack's size are evaluated.Then they used the principle of maximum entropy to find an
approximate probability distribution of the crack-size. Kloeden and Platen [4] attempted to model
random fatigue crack growth by using nonlinear stochastic differential equations in the Ito
settings. Bolotin[5] used Kolmogorov forward and backward diffusion equations, which require
solutions of nonlinear partial differential equations; But the main problem with nonlinear partial
differential equations is that they are computationally intensive to solve as they are mostly solved
by finite mesh models. To avoid requiring solutions of stochastic differential equations in either
Wiener integral or Ito integral settings, Ray [6] used Karhunen-Loeve Expansion of the crack
length process.
3. METHODOLOGY
The extensive data set obtained by Virkleret al. [7] for fatigue crack growth under homogeneous
cyclic stressing is the object of statistical analysis in this paper. Virkler used 2024 T3 Aluminium
and center cracked specimens for fatigue testing. The analysis is started with the basic Paris Law
𝑑𝑎
𝑑𝑎
eqn = 𝐶(∆𝐾)𝑛 . Here a is the crack length and
is the fatigue crack growth for a load cycle
𝑑𝑁
𝑑𝑁
N. The material coefficients C and m are obtained experimentally. The stress intensity factor
range is the difference between the maximum and minimum stress intensity factors in a load
cycle and is defined as 𝐾 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 . The paris law equation can be rearranged to give
𝑚

𝑚

𝑑𝑎(1−( 2 )) /𝑑𝑁 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. An important thing to notice is that the increment 𝑑𝑎 (1−( 2 )) is
positive and thus the finite increments of the overall process can be modelled by a Stochastic
Process with positive finite increments. The ideal process is the Gamma Process for this. It is a
pure-jump increasing Levy Process with intensity measure for positive x being𝑣(𝑥) =
1
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𝛾𝑥 −1 exp(−𝜗𝑥). It has jumps whose size lies in the interval [𝑥, 𝑥 + 𝑑𝑥]occur as a Poisson
𝜇2

𝜇

Process with intensity 𝑣(𝑥)𝑑𝑥 . Here 𝛾 = 𝜎2 and 𝜗 = 𝜎2 where 𝜇 is mean and 𝜎 2 is variance
of the increase per unit time. It is assumed that the process starts from a value 0 at t=0, first the
𝑚

mean and the standard deviation of the quantity 𝑑𝑎 (1−( 2 )) is found out. From the equations of
mean and variance the rate of jump arrivals of the poisson process for a given size interval is
calculated. Now the arrival times of jumps of each interval [𝑥, 𝑥 + 𝑑𝑥]from 0 to the max jump
possible are simulated . Then at each time interval[𝑡, 𝑡 + 𝑑𝑡]it is checked whether a jump has
taken place of the size lying in the interval [𝑥, 𝑥 + 𝑑𝑥]. After that all the jumps happening in the
time interval are summed and the resulting sum is the net jump occurring between t and t+dt.
4. RESULTS

The results come almost perfectly if only the linear range of the crack growth equation in terms
of Stress intensity factor is taken. Only in the linear range does the Paris law hold true and thus it
can suitably be rearranged to get our desired simulated crackgrowth.

Figure 1: Comparison of simulated crack
growth Trajectory by three different
methods

5. CONCLUSION
The proposed Gamma Process model has been verified with experimental fatigue crack growth
data of 2024-T3 aluminum alloys of Virkler’s Dataset. Simulation results of this model match
satisfactorily with experimental results of Virkler’s Dataset.
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1. INTRODUCTION & OBJECTIVE

Progressive collapse is an important system failure mode for structures. It may be initiated by
local damage due to accidental loads or design loads. It has been estimated that approximately
15 to 20% of building collapses develop in this manner (Leyendecker and Burnett (1976)). It
is necessary to find out the robustness of a structure against progressive collapse. The
robustness index should (i) give a measure of how well a structure can absorb the initial
damage, (ii) account for uncertainties in loads, material properties and models, (iii) help
compare different designs and repair strategies. Material and geometric non-linearities can
play an important role in progressive collapse. This paper proposes a new measure of
robustness based on system reliability.
2. Background and state of the art
Code defines progressive collapse as an extent of damage or collapse that is disproportionate
to the magnitude of the initiating event. In Euro code engineers provide tying the system
together or designing the system to tolerate accidental removal of an element. GSA guidelines
permit nonlinear dynamic analysis for progressive collapse analysis. Geometric nonlinear
analysis was done to compute reliability of structure (Imai and Frangopol (2000) part 1 and 2).
Various researchers proposed different robustness measures of structures. Maes (2006)
proposed three methods of robustness where one method is based on system reliability and
Cizmar et al. (2011) proposed a reliability based index of structural robustness.
3. Approach

__________________________
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4. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS

Reaction time history before and after removal of
members
2 bay truss
Damaged
structure

Intact
structure

Robustness

0.9982

0.6741

(Member
11
removed
1st)
Reliability

0.9619

Stress time history of member 4 at different removal of
members

Here 2 bay redundant truss is analysed for the existing loads. Due to sudden removal of
members the load redistribution occurs. Reaction forces changes due to removal of the
members but steady state response remains indifferent. Removal of the members causes
dynamic amplification of the member stresses which may cause failure of the members. The
member stress histories are dramatic in nature because it may be low or high due to different
removal of the member. Therefore it is unpredictable which member will fail next. So all
possible sequences are analysed to predict system failure probability.
System failure probability of intact structure and damaged structure is computed. Damaged
structure is considered like the structure's member 11 has removed first. Robustness is
measured based on reliability indexes of damaged as well as intact structure.
5. Conclusion
For intact or damaged structure the common feature is only a few sequences are dominant
among all failure sequences to compute system failure probability. From the result it is more
reasonable that intact structure is more reliable in comparison with damaged structure. From
the table it can be said that measure of robustness is 0.6741 in the scale of 0 to 1 when
member 11 is removed 1st.
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1. INTRODUCTION & OBJECTIVE

In this paper, stochastic free vibration analysis of composite beam using curvilinear fibers is
addressed. The material properties and the fiber orientations are considered as uncertain
parameters. First-order shear deformation theory (FSDT) is adopted to develop a finite element
model (FEM) in MATLAB environment. Manufacturing constraints are considered while
selecting the fiber orientations for the vibration analysis. Frequency analysis is performed for
different boundary conditions, such as clamped-free, simply-supported, and clamped-clamped
and with various lamination sequences. Variance based global sensitivity analysis is performed
to describe the sensitive patterns of each input variable for the free vibration. Further, stochastic
frequency analysis is performed using a polynomial neural network (PNN) and the results are
compared with the Monte Carlo simulation (MCS).
The use of laminated composite structure has been increased in the modern structural
application due to high specific stiffness and excellent corrosion resistance. From the past few
decades, the use of straight fibers has been widely adopted in composite structures. Such
laminates are known as constant stiffness composite laminates (CSCL) because the stiffness of
the lamina doesn’t vary in their plane. With the help of tow-placement technology, the
manufacturing of curved fiber laminates has been possible. The laminate made of curved fibers
are generally known as variable stiffness composite laminates (VSCL). In the recent study,
researchers have been showing their interest to improve the mechanical properties of the
composite structures [1]. With the use of VSCL plate, the load-carrying capacity of the
structures can be improved [2]. The fundamental linear and non-linear natural frequency of
symmetric laminates are slightly higher than the anti-symmetric laminates [3]. Sharma and
Maiti [4] performed a comparative study of free vibration analysis of composite laminates using
of constant fibers and the curvilinear fibers.
There are well-established techniques available to manufacture the laminate with curvilinear
fibers. However, the uncertainty associated with the material properties and the fiber
orientations cannot be ignored. There are abundant pieces of literature available which deal with
the frequency analysis of a laminated plate with straight fibers, considering the uncertainty in
the materials properties. Considering the random material properties, Singh et al. [5] performed
the stochastic analysis of the composite plate. In the recent study, swain et al. [6] carried out the
aeroelastic analysis considering the uncertainty in the materials properties.
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2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
In this study, uncertainty in the material properties and the fiber orientations are considered for
the vibration analysis. The contribution of each input parameter is estimated using the variancebased global sensitivity analysis [7]. After the sensitivity analysis, stochastic frequency analysis
is performed using PNN method for various boundary conditions and the lamination sequences.
The accuracy and efficiency of the developed PNN model are compared with the Monte Carlo
simulation.
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ABSTRACT
The harmonically forced Duffing oscillator with a linear vibration absorber under time delayed
linear and nonlinear acceleration feedback is investigated for vibration control. At first a simple
spring–mass–damper vibration absorber is employed to suppress the nonlinear vibration for the
primary resonance condition and hence it converts the single degree-of-freedom to a two
degree-of-freedom system. After that the resulting vibration of the primary mass is controlled
by using time-delayed cubic acceleration feedback and a linear acceleration feedback system is
employed in between primary mass and absorber for active vibration control. The method of
slowly varying parameter (SVP) is used to obtain the first-order approximate solutions of
period-1 frequency response curves for both uncontrolled and controlled nonlinear oscillation.
The stability checked has also been performed for better understanding the nature of solution
and also the frequency range under which multiple solutions exist. The controlled responses
under passive control are compared with that of active control. Appropriate sets of control
parameters are chosen from the linear stability study of the oscillator under linear acceleration
feedback which might otherwise result in potentially catastrophic situations. It is observed that
appropriate sets of control parameters under passive and active control can suppress peak
responses significantly. Further, the results obtained by SVP method are compared with RungeKutta fourth order numerical integration method (NI) at discrete points.
Keywords: Passive vibration control, Active vibration control, time delayed feedback, Duffing
oscillator.
1. INTRODUCTION & OBJECTIVE

The harmonically forced Duffing oscillator exhibits the complex behavior of quasi-periodic
responses, bifurcations, jump phenomena, chaos, and also nonlinear resonances that may occur
if the linearized natural frequency of the system and the frequency of an external excitation
satisfy a certain relationship. The primary resonance occurs when the forcing frequency is in
the neighborhood of the linearized natural frequency. The linear vibration absorber can be
capable to suppress the large-amplitude resonant vibrations of the primary system by shifting
its resonating frequency [1].The application of such passive control schemes adds an extra
degree-of-freedom system into the nonlinear systems with two resonant frequencies, neither of
which will coincide with the operating frequency. The mass of the vibration absorber should be
relatively light in comparison with the mass of the nonlinear primary system so that it does not
1
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contribute significantly to the change of the characteristics of the nonlinear primary system such
that the frequency interval for primary resonance [2-4]. The nonlinear vibration absorber is more
practical in nature but unfortunately, the presence of nonlinearities may introduce dynamic
instabilities, quasi-periodic oscillations with much higher amplitudes, one-to-two internal
resonance conditions [5-6]. In the recent past, time delayed feedback control has been
successfully used to suppress the nonlinear resonance vibrations of weakly nonlinear systems
with external excitations . In a series of papers [7-8], studied the vibration control of a forced
single-degree-of-freedom nonlinear system with time delayed linear plus nonlinear feedback
control. In [9], Mitra et al. investigated the effect of time-delayed linear and nonlinear
acceleration feedback on the Duffing oscillator under mono-harmonic excitation. Eissa and
Sayed [10] presented tuned absorbers in both transverse and longitudinal directions of a simple
pendulum. Elgohary and El-Ganaini [11] studied the vibration suppression of nonlinear
dynamical system with time delay vibration absorber.
In the present paper, the vibration of a mono-harmonically forced Duffing oscillator is
considered for vibration control under a linear vibration absorber with time delay nonlinear
acceleration feedback controlling force acting on the primary system and time delay
acceleration feedback controlling force acting on both primary and absorber system. The
analysis is carried out to suppress the vibration of the primary system by using slowly varying
parameter method (SVP) for primary resonance condition. The stability of system is examined
by using Routh–Hurwitz criterion. Appropriate sets of control parameters are chosen from the
linear stability study of the oscillator under linear acceleration feedback. The results obtained
by SVP method are compared with Runge-Kutta fourth order numerical integration method (NI)
at discrete points.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
Firstly, the period-1 frequency response graphs for the uncontrolled Duffing oscillator are
obtained employing SVP method for different values of nonlinear stiffness and forcing
amplitude. The uncontrolled graphs thus obtained are then examined for passive vibration
control by employing the linear vibration absorber. The optimum values of spring-mass-damper
are obtained for the maximum suppression of vibration of the primary system. After that the
linear stability chart has been constructed for the linear coupled equation under linear
acceleration feedback. The delay in the feedback path is intentional and controllable. Finally
the resultant vibration of the primary and absorber are controlled by using linear and cubic
nonlinear acceleration feedback. Some of the results obtained by SVP method are compared
with the NS method implemented in Matlab/simulink environment using Runge-Kutta fourthorder numerical integration technique. A few phase and time-history plots are provided for
better clarity.
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1. INTRODUCTION & OBJECTIVE

Nowadays, in engineering applications, the role of additive manufacturing is inevitable. The
near-net-shape creation through the additive process is a revolution. The fusion type processes
are dedicated to powder bed techniques with a heat source (laser/electron beam). Regardless
of high precision, the rate of deposition is quite low. Moreover, the utilisation of powder as
the work material will lead to adverse effects like the formation of pores, which in turn
decrease the reliability of the developed parts. Whereas the wire arc additive manufacturing
process (WAAM) utilises the material in the form of wire and the electric arc as the heat
source (Wang et al. 2011, Rodrigues et al. 2019). Even though the precision is not comparable
to the powder-based system, the rate of production of the metallic parts is excellent. Hence,
this work aims to compare the efficiency of the dampers made from conventional technique
and WMMA. So it is proposed to develop a WMMA setup for the fabrication of shape
memory alloy dampers, and to investigate the efficiency of the WMMA fabricated dampers in
the boring process.
2. MATERIALS AND METHODS
Shape memory alloys exhibit the property to regain its shape within the threshold limit during
the operation. This idea was implemented in the development of shape memory alloy (SMA)
dampers (Chockalingam et al. 2017, Oliveira et al. 2016, 2019)for the boring process. The
commercially available EN31 boring bar was considered for this purpose. As a preliminary
investigation, the copper-based SMA dampers were fabricated by the conventional method.
To investigate the efficacy of the additive manufacturing process for the intended application,
WMMA was also considered in this study. The experimental setup planned to develop for
conducting the experiments is shown in Fig. 1. The commercially available tungsten inert gas
(TIG) setup with certain design modifications is considered to develop a WAAM setup.
3. RESULTS AND DISCUSSION
The benchmark parameters used in this investigation is given in Table 1. The developed
frictional damper has shown 1237.5 Hz as the natural frequency, which is almost 30% lesser
than the unmodified boring bar. The excitation frequency was also identified for the
commercial boring bar with and without SMA damper. The resonance gap of 958.65 Hz was
obtained with damper, whereas only 190 Hz was observed when using the boring bar without
________________
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Fig. 1. A schematic two-dimensional representation of the experimental setup.

damper. Also, during the machining of mild steel with the boring bar, the unwanted
displacement was observed as 1.60 mm without damping. A 12.5% decrease in the chatter was
observed while machining with the SMA damped boring bar. Thus a significant influence of
the shape memory effect as dampers on the chatter suppression of boring process is observed.
Table 1. Benchmarks used to characterise the SMA dampers.
Parameter

Without damper

With SMA damper

Natural frequency (Hz)

1775

1237.5

Resonance gap (Hz)

190

958.65

Displacement (mm)

1.60

1.40

4. CONCLUSIONS
Passive type frictional dampers made of copper-based shape memory alloy were fabricated
using the conventional process. The fabricated passive damper was characterised in terms of
the natural frequency, resonance gap, and displacement. The considered benchmark
parameters were also calculated for the boring bar without frictional dampers. Based on the
preliminary investigation, the influence of shape memory alloy dampers on the attenuation of
chatter was significant. The boring bar with SMA damper is efficient than the commercially
available undamped boring bars. The authors are in the process of implementing the WAAM
process for the development of passive dampers for chatter suppression in boring operation.
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1. INTRODUCTION & OBJECTIVE

Recent development in construction materials and design technology have led to
construction of slender and light structures that are more vulnerable to dynamic loads.
Vibrations induced by heavy and high speed vehicles significantly affect the safety and
serviceability of bridges. Though tuned mass dampers (TMDs) offer a very attractive
solution to the vibration problem of a bridge, high TMD effectiveness generally entails a
large damper mass ratio, which again poses practical difficulties in implementation within a
bridge deck. This can be overcome by the use of the tuned mass damper inerter (TMDI).
With this perspective, the present study presents a comparative study on the performance of
a TMD and TMDI in reducing the maximum mid-span acceleration of an example bridge
deck as well as on the dynamic stroke of the damper mass in the two cases.
2. RESULTS & HIGHLIGHTS OF IMPOINTANT POINTS
The bridge vehicle system is modelled[1] as a springing mass moving on a simply supported
bridge at a constant speed. The example bridge[2] taken here is a half through truss with
following properties: weight = 1031.936 kN; length = 24.384 m; natural frequency of
bridge, 𝒇𝒃 = 3.95 Hz; ratio of vehicle mass to bridge mass, χ =𝒎𝒗 /𝒎𝒃 = 0.517; ratio of
vehicle frequency to bridge frequency, ϕ=𝝎𝒗 /𝝎𝒃 = 0.7.

(a)

(b)

(c)

Figure 1: Variation of maximum mid-span acceleration of bridge deck with speed ratio, , (a) with TMD (b)
with TMDI when the second terminal of the inerter is connected to a fixed support (pier) and (c) with TMDI
when the second terminal of the inerter is connected to the bridge deck, for different values of damper mass
ratio, 

It can be seen from Figure 1 that the peak acceleration of the bridge deck at mid-span is
almost linearly increasing with speed ratio, 𝛼. Further, increasing the mass of the TMD
always achieves greater efficiency in reduction of the mid-span acceleration response. In
case of the TMDI, when the second terminal of the inerter is grounded, it achieves higher
efficiency at the same mass-ratio as TMD. However, if the second terminal of the inerter is
connected to the bridge deck, the TMDI efficiency is lower than that in the case of the TMD.
At higher mass ratio, 𝜇, the dynamic displacement of the mass of TMD is smaller but for
lower 𝜇, the stroke of the TMD is significant. When TMDI is used and the second terminal
of the inerter is connected to a fixed support, the maximum displacement of the mass of
TMDI is reduced. It may, however, be difficult to ground the second terminal of the inerter.
Instead, if the second terminal is connected to the bridge deck, the stroke of the damper mass
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is substantially reduced and moreover, this configuration would be easy to install within the
bridge deck.

(a)

(b)

Figure 2: Variation of relative maximum stroke of the mass of TMDI to that of the TMD with inertance, ,
(a) when the second terminal of the inerter is connected to a fixed support (pier), and (b) TMDI when the
second terminal of the inerter is connected to bridge deck, for different values of damper mass ratio, 

It is observed from Figure 2(a) that for very low mass ratios, such as 𝜇 = 0.5%, the
effectiveness of the inerter in reducing the stroke of the TMDI when a grounded terminal as
compared to the TMD at same mass ratio is up to 23%. With increasing mass ratio, 𝜇, the
effect of inertance in reducing the stroke of the TMDI reduces and is hardly 2.5% for 𝜇 =
10%. However, isis seen from Figure 2(b) that when the second terminal of the inerter is
connected to the bridge deck, for mass ratio μ=0.5%, the effectiveness of the inerter in
reducing the stroke of the TMDI as compared to the TMD is up to 69% at same mass ratio;
which is much higher as compared to the previous case. With increasing mass ratio, μ, the
effect of inertance in reducing the stroke of the TMDI reduces. However, it is still as high
as 35% for the case of μ=10%. Thus, this system is highly effective in reducing the stroke
of the damper mass, while mitigating the bridge deck vibrations. Moreover, this system can
be easily installed within a bridge deck, both for new as well as for existing structures.
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1. INTRODUCTION & OBJECTIVE

It would be economical if the overhead water tank (OWT), a common component of any
conventional building structure, is designed to act as a passive tuned liquid damper (TLD) for
vibration control of the primary structure under lateral excitations. However, the fluctuation in
water depth due to functional requirements in conventional rectangular or circular shaped
OWT alters the liquid sloshing frequency, thereby causing detuning of the damper frequency
with respect to the frequency of the primary structure1. Again, to ensure maximum energy
dissipation in a conventional TLD, the ratio of the liquid depth ( ) to the maximum base
dimension of tank ( ) in the direction of expected excitation is kept shallow (to the tune of
0.1)2–4. In the case of OWT it is practically impossible to maintain such low
ratio.
To address these issues, a novel design of OWT with floating base (OWT-FB) is presented in
this paper. The floating base is a movable horizontal partition provided in the OWT in such a
way that the required depth of water, determined from the tuning requirement, is always
maintained above the floating base. This is achieved by inserting a floating container that can
just fit into the OWT and can also move freely in the vertical direction within the OWT (see
Fig. 1(a)). Here, the base of the floating container acts as the floating base. To ensure
maintenance of required water depth above the floating base irrespective of the water level in
the OWT, the container is provided with a hole at the center of its base and annular floaters
below its base. The vertical wall of the floating container prevents any relative motion
between the floating base and the OWT during lateral vibration. The design ensures that the
water above the floating base functions as in a conventional TLD, maintaining the desired
tuning with the frequency of the primary structure, even though the water level in the OWT
fluctuates. The effectiveness of the proposed OWT-FB system is illustrated using an example
building structure by subjecting it to seismic base excitation.
2. RESULTS & HIGHLIGHTS OF IMPORTANT POINTS
The results shown in this paper are for the OWT-FB system designed for an example building
structure. The natural period ( ) of the building is determined to be 3.0 s and the modal mass
corresponding to the fundamental mode is 1614302 kg. The damping ratio of the structure is
taken as 1%. The floating container is assumed to be made of steel and thermocol is used as
the floater. Let the OWT-FB system consist of 10 numbers of interconnected circular tanks of
2.0 m diameter and 1.8 m height. Assuming the tuning ratio equal to unity and the internal
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diameter of the floating container as 1.98 m, the depth of water required above the floating
base is calculated as 0.132 m. Time history analysis of the example structure-damper system
is carried out considering it to be subjected to the N08W component of the 1979 Imperial
Valley earthquake ( station- Delta) with peak ground acceleration of 0.350g. The reductions
achieved in peak and rms displacement response of the structure by the OWT-FB system are
30% and 24% respectively, which are substantial for passive dampers (see Fig. 1(b)). The
extent of detuning that can occur due to water level fluctuation in the OWT system if floating
bases are not used is also studied. Two particular tank-full conditions, namely tank 1/3rd full
and tank 2/3rd full, are considered, for which the fundamental period of liquid sloshing is
evaluated as 1.65 s and 1.49 s respectively. These clearly do not meet the tuning requirement.
As expected, for tank 1/3rd full and tank 2/3rd full conditions, the OWT system without
floating base fails to provide any significant structural response reduction.

OWT
Floating container

Floater

Structural
displacement (m)

Overall it may be stated that, in a conventional OWT, it is practically infeasible to maintain
the desired tuning of the sloshing frequency with the fundamental frequency of the primary
structure so that passive energy dissipation may take place. With the introduction of the
floating base in the OWT, a constant tuning is maintained even if the water level in the main
tank fluctuates. The proposed design is economic with the requirement of very low capital and
maintenance costs. The floating base can be incorporated easily into an existing OWT without
any modification in the original tank structure. Thus, the OWT-FB system can be effectively
designed to serve as a dynamic vibration absorber against lateral excitation, in addition to its
primary function of water storage.
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Figure 1. (a) OWT-FB, (b) Displacement time history of structure alone, structure with OWT-FB and structure
with OWT 1/3rd full.
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1. INTRODUCTION & OBJECTIVE
The mountainous regions of north India are developing at a huge pace due to the increase in
the tourism industry. Due to irregular topographic conditions and less availability of flat
grounds, buildings have a very high irregular configuration. The increase in construction of
high rise buildings on the sloping ground recently is being adopted. Present study has been
done at the famous tourist area Mussoorie-Dehradun region situated in the state of
Uttarakhand, India. For multi-storey RC buildings, the dual systems are in common use.
Around 55% of all the buildings in this area are not seismic resistant. It has been found from
the previous studies that during earthquake the dual systems enhanced the structural
performance of the buildings.
In the present study, four step-back RC dual systems are designed by the Unified
Performance-Based Design (UPBD) approach [1], where both design drift and intended
member performance levels have been considered. However, four buildings have been taken
as a step-back RC dual system (S0, S15, S30, S45) located on different slopes 0º, 15º, 30º, and
45º respectively. The beams and columns of the buildings are designed as a frame element
whereas, the shear wall is modeled as a layered shell element by using building design and
analysis software ETABS 2016. Time period and mode shapes of all the dual systems are
observed. Properties of plastic hinges of shear wall are defined using fiber-based hinge
property [2]. In this study, frame shear walls buildings of 10 storey have been considered,
where shear wall and frame carries 70% and 30% of lateral loads respectively. Interstorey drift
limit and performance level of members are included as design objectives. The size of
columns has been decided on trial basis by keeping percentage of steel 3-4% and ensuring
capacity design criteria as per IS 13920:2016. The seismic zone is taken as IV with zone
factor 0.24 and soil type II. Designing has been done with the expected strength and demand
level of the EC-8 spectrum at 0.45g. For the life safety (LS) category, 2% target drift has been
considered for the designing of building. As per IS 13920:2016 strong column weak beam has
been satisfied in buildings. The various parameters like performance point, interstorey drift,
base shear, lateral displacement, stiffness, and equivalent damping have been found. Rotations
and stresses have been also studied as the performance of the structure. This study also
elucidates the application of unified performance-based assessment techniques to quantify the
effect on seismic resistance due to specific design requirements.
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2. RESULTS & DISCUSSION

Storey No.

Pushover analysis have been done in all the buildings (S0, S15, S30 and S45) for obtaining the
earthquake demand. It has been observed that designed buildings have achieved the target
performance. In present study, performance point lies between immediate occupancy(IO) and
Life safety(LS).
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Fig 1: Variation in lateral displacement in both X and Y direction and inter-storey drift with increase in storey.
Table 1:Variation of base shear with building type
Building type

Base Shear (N)

S0

4467.8

S15

3838.6

S30

2862.6

S45

2232.5

Storey drift is the function of inter storey displacement. A significant difference in storey drift
has been observed in the buildings. Maximum base shear is observed in S0 and minimum in
S45 as shown in table 1. Maximum displacement in X and Y direction is found in S0 and
minimum displacement in S45 as shown in fig 1.
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Introduction:
Highrise structures are often constructed throughout the metro cities due to increasing
population growth and constraint in the land availability for construction. Due to the space or
architectural constraints, asymmetricity of the plan of some buildings can not be avoided.
This is evident that, the highrise buildings are highly susceptible to seismic force and
high wind pressure. The possibility of damage gets increased few times, when the building
becomes asymmetric. Existence of shear walls plays an important role in arresting the
deformation of the adjacent parts of the buildings, by providing ample amount of lateral
stiffness. Most of the highrise buildings consists of elevator. The elevator cores are natural
locations for shear walls, which serve a dual purpose of enclosing vertical shafts while
providing efficient axial and lateral resistance. Also, the walls serve an extra protection
against seismic and wind forces. Steel bracings can also be provided instead of wall in the
panels of the elevator shaft. Bhojkar and Bagade (2015) have found that the X type of steel
bracing significantly contributes to the structural stiffness and reduces the maximum
interstorey drift of the frames of a G+9 (ten storied) building. The bracing system improves
not only the lateral stiffness and strength capacity but also the displacement capacity of the
structure.
Alashkar et al. (2015) have observed that for a G+7 building, shear walls reduce
significant amount of lateral displacement, bending moment and shear forces in frame
members as compared to other techniques of retrofitting. According to them, the location of
shear wall is also important to reduce maximum lateral forces. It has been found that, shear
walls located at the core of the building shows better performance than at the boundary of the
building. Some studies have been performed on the basis of the placement of bracings in a
building (Azad and Gani 2016). They have checked the differences of usage of vertical
bracings as well as floor bracings for a symmetric G+8 building. They concluded that, the
orientation in floor bracings is of less significant scrutinizing with the vertically oriented
bracing systems. Parametric study has been performed by Thapa and Sarkar (2017) to
compare the dynamic responses of frame structure with and without shear wall.
Numerical Modelling:
From the past literature, it is clear that, no significant studies have been performed on the
performance evaluation of high rise structures above fifteen floors under seismic and wind
loading till date. This paper is an attempt to perform a comparative study between the
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effectiveness of shear wall and bracing system of highrise structure having asymmetric plan.
Two different plan in asymmetry building plans have been considered for this comparative
study. The plan of one of the building has been shown in Fig. 1.

(a)

(b)

Fig. 1. (a) Typical floor plan of building and (b) Plan view of apartment

The objective of the present work is to perform comparative study on the effectiveness
between shear wall and bracing system in a high-rise structure of asymmetric plan under the
influence of seismic load and wind load. The shear walls have been provided at the boundary
as well as at the elevator core of the building. Similarly steel bracings have also been provided
at the above mentioned positions of the building. X type bracings of angle section (ISA) have
been used to study the effectiveness. The study has been performed using the finite element
software STAAD.Pro. The maximum storey drift, base shear and base moment under seismic
and wind forces are calculated for the asymmetric buildings with various locations of shear
wall and bracing systems.
Conclusions:
From the parametric study, it is observed that both the systems are effective enough to reduce
storey drift of the highrise buildings substantially under lateral forces like wind and
earthquake. Placement of shear wall and bracing system have paramount importance on the
response reduction of tall buildings.
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