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Abstract of the study Conducted 

ABSTRACT 

Given the fact that roadways are already saturated and congested, the only viable 

alternative for the growth of land transportation remains the railways that can either be 

achieved by the upgradation of existing tracks or by the construction of new ones as per 

the requirement. In the past, the track superstructure has received major attention; 

however, the present study is more oriented towards the substructure design, i.e., the 

design is related to the material and thiclmess of various base layers of a track. The 

substructure attains significance because the performance of the superstructure is directly 

dependent on the support provided from beneath. Moving trains transmit load to the soil 

below it through ballast and sub-ballast layers. 

The present study has been carried out in four main parts, namely, geotechnical 

characteri:ation of materials and interfaces of various track layers; half-scale, full panel 

laboratory model tests; elasto-plastic three-dimensional finite element analysis of track 

structure; and formulation of design methodology. Geote-chnical characteri:ation of 

different track layer materials and interfaces have been carried out. Tests have been 

conducted on ballast and sub-ballast materials confaiming to Research Design and 

Specifications Organisation (RDSO), Indian Railways. Tests on subgrade soils have been 

conducted on Indo-Gametic alluvial silts characteri=ed by variation in their plasticity. 

Both monotonic and slow cyclic triaxial tests have been conducted on three 

different Indo-Gangetic 	silts, namely, Delhi silt„kllababad silt and Kanpur silt as 

subgrade material. The subgrade soil behaviour has been analysed in quasi-saturated, 

critical state soil mechanics framework. Based on cyclic tests, simple correlations have 
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been given for development of cumulative plastic strain and threshold stress of the 

subg,rade soils under cyclic loading. Parameters of bilinear log-log relationship for 

development of cumulative plastic strain have been evaluated for Indo-Gangetic alluvial 

silts. A relationship between threshold stress and plasticity index is proposed for low 

plasticity compacted silts pertaining to low effective confining stresses. 

Drained monotonic and cyclic triaxial tests have been carried out on two different 

gradations (fine and coarse gradation) of sub-ballast material. These materials are locally 

available Badarpur sand (fine material) and crushed Delhi Quartzite (coarse material) 

respectively. The tests have been carried out on 3S mm diameter specimens for fine 

material and 100 mm diameter specimens for coarse material. Large-size drained 

montonic triaxial tests on 350 mm diameter specimens have been carried out on ballast 

materials — two conforming to RDSO specifications and two other for comparison. Both 

ballast and sub-ballast materials were modeled in terms of strength parameters of Mohr-

Coulomb model. Important conclusions have been derived from particle breakage, 

analysis of ballast samples. 

To study the interface properties of various interfaces found within the track 

layers, direct shear testing has been carried out to characterize different interfaces by 

means of shear stiffness, normal stiffness and coefficient of interface friction. Tests have 

been conducted by simulating various interfaces that exist in typical north Indian wooden 

or steel sleeper tract- in laboratory direst shear apparatus. The interfaces tested are 

between subgrade and sub-ballast; sub-ballast and ballast; ballast and sleeper; and sleeper 

and rail. Series of normal load tests and direct shear tests are conducted in the laboratory 

on various interfaces. Both small size and large size direct shear tests have been carried 
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out depending on the particle siz.e of the material constituting each layer on either side of 

an interface. 

A half-scale, adequately instrumented, laboratory model testing of railway track 

has been carried out. Series of tests have been performed on model railway tracks 

comprising of different thicknesses of granular layers, namely, ballast and sub-ballast, 

and supported on different types of subgrades. A sinusoidal loading corresponding to 300 

EN axle load in the prototype was applied on steel rail supported by model sleepers and a 

steel rail. Based on the geometric and loading symmetry, only one-half of the track has 

been modeled. The main objectives of the model tests are to evaluate the influence of 

granular layer thicknesses and subgrade type on load-deformation behavior of railway 

track under static and cyclic loading and to use the results of model track for calibration 

of numerical model developed in this study. The testing has been carried out for tracks 

laid on both compacted and remoulded soil subgrades. Model track was constructed using 

the same gcomaterialc on which laboratory tests were conducted. 

Finite element analysis of a railway track with track superstructure (rail and 

sleepers) along with track substructure layers, 	subgrade, sub-ballast and subgrade is 

presented. For this purpose, a three-dimensional (3D) finite element analysis has been 

conducted using the commercially available software package ABAQT_TS. The predicted 

results from the analysis are compared with the model tank test results. Next an elasto-

plastic finite element analysis of the prototype railway track has been conducted using the 

material constitutive parameters evaluated from the laboratory tests. Mohr-Coulomb yield 

criterion has been used to simulate the behaviour of granular materials and Modified 

Cam-Clay model has been used to simulate the behaviour of subgrade soil. The numerical 
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analysis also includes a parametric. study of the response of a track with varying modulus 

of elasticity of ballast, sub-ballast and subgrade; thickness of ballast and sub-ballast 

layer; moment of inertia of rail; and sleeper spacing assuming linear, elastic response. 

Finally, a rational design methodology for the determination of a railroad track 

has been formulated combining the two aspects of the study conducted, viz., 

experimentation and finite element analysis. The design methodology is based on limiting 

the maximum deviator stress induced on the subgrade surface due to traffic loading 

below' the threshold stress of the subgrade soil, by providing an adequate formation 

thickness. The design procedure so established has a direct practical application in real 

life for the construction of railway track to be laid on compacted subgrade passing 

through Indo-Gangetic Plains. 

To summari=e, the study presents design methodology backed by suitable 

geotechnical laboratory testing of the track layer constituent materials and numerical 

stress-deformation analysis (3D finite element analysis) to arrive at safe design of the 

railway track under different loading conditions in terms of thickness of its various 

constituent granular layers. 

- iv — 



Contents 

CONTENTS 

ACKNOWLEGEMENT 

ABSTRACT 

CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 	 xxii 

LIST OF NOTATIONS 	 xxv 

Chapter-1 INTRODUCTION 	 1-11 

1.1 GENERAL 	 1 
1.2 TRACK COMPONENTS 	 4 
1.3 OBJECTIVES 	 6 
1.4 SCOPE 	 7 
1.5 ORGANISATION OF THESIS 	 9 

Chapter-2 LITERATURE REVIEW 	 12-77 

2.1 GENERAL 	 12 
2.2 STJBGRADE SOIL BEHAVIOUR 	 13 

under unG 2.2.1 Behaviour im 	Loading 	 13 
2.2.2 Behaviour under Cyclic Loading 	 20 

2.3 TJI'TBOUT%.TD GRANULAR MATERIAL 	 27 
2.4 INTERFACE TESTING AND MODELLING 	 34 
2.5 MODEL TESTS 	 39 
2.6 CONSTITTJTIVE MODELS FOR MATERIALS 	 41 

2.6.1 Considerations for Selecting a Consjinttive Model 	41 
2.6.2 Classification of Constitutive Models 	 42 

2.6.2.1 Elastic Models 	 43 
2.6.2.2 Empirical Models 	 44 
2.6.2.3 Elasto-Plastic Models 	 46 

	

2.6.2.3A 	Modified Cam-Clay Model 48 

	

2.6.2.3B 	Mohr-Coulomb Model 	52 
2.7 DESIGN METHODS FOR RAILWAY TRACE SUBSTRUCTURE 	55 

2.7.1 Empirical Approaches 	 55 
2.7.2 Design Methodologies 	 60 
2.7.3 Analysis using Numerical Models 	 71 

2.8 CONCLUSIONS 	 76 

- v — 



Contents 

Chapter-3 SUBGRADE MATERIAL TESTING AND 
CHARACTERIZATION 	 78-205 

3.1 INTRODUCTION 	 78 
3.2 MATERIALS 	 80 
3.3 TESTS PERFORMED 	 84 

3.3.1 Summary of Tests 	 84 
3.3.2 Testing Apparatus 	 86 
3.3.3 Preparation of Compacted Specimens 	 87 
3.3.4 Monotonic Tests 	 89 
3.3.5 Cyclic Tests 	 89 
3.3.6 Tests on Reconstituted/Remoulded Specimens 	91 
3.3.7 Relevance of Tests Performed on Indo-Gangetic Silts 	94 

3.4 PRESENTATION OF RESTJLTS FOR MONOTONIC TESTING 	96 
3.5 QUASI-SATURATED BEHAVIOUR 	 120 

3.5.1 General 	 120 
3.5.2 Procedure to Ensure Quasi-Saturated Behavior 	121 
3.5.3 Comparison of Canyon Dam Clay and Indo-Gangetic 

Silt Specimens 	 127 
3.5.4 Behavior of Quasi-Saturated Specimens under 

Critical State Framework 	 132 
3.6 BEHAVIOUR UNDER CYCLIC LOADING 	 137 
3.7 EVALUATION OF THRESHOLD STRESS 	 190 
3.8 CUMULATIVE PLASTIC STRAIN ANALYSIS 	 196 
3.9 CONCLUSIONS 	 204 

3.9.1 Monotonic Triaxial Shear Testing 	 204 
3.9.2 Cyclic Triaxial Shear Testing 	 205 

Chapter-4 BALLAST MATERIAL BEHAVIOUR 	 206-234 

4.1 GENERAL 	 206 
4.2 NEED FOR LARGE-SCALE TESTING 	 207 
4.3 MATERIAL 	 207 
4.4 TEST SET UP 	 210 

4.4.1 Triaxial Cell 	 211 
4.4.2 Axial Loading Unit 	 211 
4.4.3 Confining Pressure Unit 	 212 
4.4.4 Measurement of Strains 	 212 

4.5 TEST PROGRAMME 	 213 
4.5.1 Sample Preparation 	 213 
4.5.2 Test Procedure 	 214 

4.6 RESULTS AND DISCUSSION 	 217 
4.7 CONSTITUTIVE MODEL PARAMETERS 	 226 

4.7.1 Elastic Parameters 	 226 

- vi — 



Contents 

4.7.2 Shear Strength Parameters 	 229 
4.8 PARTICLE BREAKAGE ANALYSIS 	 231 

4.8.1 Particle Breakage Index 	 231 
4.9 CONCLUSIONS 	 234 

Chapter — 5 SUB-BALLAST TESTING 	 235-246 

5.1 GENERAL 	 235 
5.2 MATERIALS 	 236 
5.3 TESTING PROGRAMME 	 237 

5.3.1 Testing Procedure 	 240 
5.4 RESULTS AND DISCUSSION 	 241 
5.5 CONCLUSIONS 	 246 

Chapter 6 RAILWAY TRACK INTERFACE TESTING 	 247-272 

6.1 GENERAL 	 247 
6.2 INTERFACE TESTING 	 248 
6.3 APPARATUS 	 250 
6.4 SAMPLE PREPARATION AND TEST PROCEDURE 	 251 
6.5 RESULTS AND DISCTJSSION 	 255 

6.5.1 Normal Stiffness 	 255 
6.5.2 Shear Stiffness 	 258 

6.6 CLASSIFICATION OF INTERFACES 
6.6.1 Shear Stiffness 	 267 
6.6.1 Normal Stiffness 	 269 
6.6.3 Coefficient of Interface Friction 	 270 

6.7 CONCLUSIONS 	 272 

Chapter 7 MODEL TESTING OF RAILWAY TRACKS 	 273-302 

7.1 GENERAL 	 273 
7.2 MATERIALS 	 274 
7.3 TEST SET-TJP AND INSTRUMENTATION 	 275 

7.3.1 Model Tank 	 275 
7.3.2 Instrumentation Used 	 278 

7.4 MODELING DETAILS 	 282 
7.4.1 Similitude Ratio Adopted for Model Testing 	 284 
7.4.2 Wheel Load Modeling 	 284 
7.4.3 Sleeper Thickness Modeling 	 284 
7.4.4 Layer Thickness Modeling 	 285 
7.4.5 Modeling Rail and Sleepers 	 286 

- vii — 



Contents 

7.4.6 Ballast Material Particle Size 	 226 
7.5 TESTING PROCEDURE 	 287 
7.6 RESTJLTS AND DISSCUSSION 	 291 
7.7 CONCLUSIONS 	 302 

Chapter-8 FINITE ELEMENT ANALYSIS OF RAILWAY 
TRACKS 303-360 

8.1 GENERAL 303 
8.2 FINITE ELEMENT METHOD 304 
8.3 ABAQUS SOFTWARE PACKAGE 305 
8.4 FINITE ELEMENT ANALYSIS OF MODEL TEST TRACKS 307 

8.4.1 	Analysis Results for Model Tests 314 
8.4.2 	Comparison with Laboratory Model Test Results 339 

8.5 ANALYSTS OF TYPICAL PROTOTYPE TRACK 347 
8.6 PARAMETRIC STUDY 353 

8.6.1 	Predicted Parametric Trends 355 
8.7 CONCLUSIONS 359 

Chapter-9 DESIGN METHODOLOGY FOR RAILWAY 
TRACKS 	 361-378 

9.1 GENERAL 	 361 
9.2 FINITE ELEMENT ANALYSIS AND RESULTS 	 364 
9.3 DESIGN CRITERION BASED ON THRESHOLD STRESS 

CRITERION 	 370 
9.3.1 Determination o ['Induced Stress on the Subgrade 	370 
9.3.2 Evaluation of the Threshold Stress 	 371 
9.3.3 Design for the Thickness of Granular Layer Formation 	373 

9.4 DESIGN EXAMPLE 	 376 
9.5 CONCLUSIONS 	 378 

Chapter-10 SUMMARY, CONCLUSIONS AND SUGGESTIONS 
FOR FUTURE RESEARCH 	 379-390 

10.1 GENERAL 
10.1.1 Subgrade Soil 	 379 
10.1.2 Ballast Testing 	 382 
10.1.3 Sub-ballast Material Evaluation 	 383 
10.1.4 Interface Behaviour 	 383 
10.1.5 Model Tank Tests 	 385 
10.1.6 Finite. Element Analysis of Railway Tracks 	 386 

- viii — 



Contents 

10.1.7 Design Methodology 	 388 
10.2 SUGGESTIONS FOR FUTURE PiESEARCH 	 389 

REFERENCES 	 391-414 

- ix — 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15

