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ABSTRACT 

 

  Weakening of rock under cyclic loading is termed as “rock fatigue”. One of the 

earliest researchers to address the topic was Wöhler, who in 1870 gave the general law 

which may be stated as: 

“Rupture may be caused, not only by a steady load which exceeds the carrying 

strength, but also by repeated application of stresses, none of which are equal to this 

carrying strength.” 

  

The phenomenon of premature failure due to cyclic or repetitive loading leaves a 

significant scope for research in the field of rock mechanics due to growing evidence that 

such strength weakening is found in underground excavation as well as in dam reservoir, 

bridge abutments, dam foundations, open cut benches and structures subjected to 

earthquake. Thus consideration of time dependence in the form of static and cyclic 

behaviour of rock is essential for judicious design of surface and subsurface engineering 

structures in the mountainous terrain like Himalaya. 

 

From literature review, it was observed that although number of intuitive and 

constitutive models describe deformation behaviour of rock under constant loading like 

creep, very few models have been proposed to describe the deformation behaviour of 

rock under both cyclic damage and cyclic hardening experiments. Irreversible axial strain 

method is one of the most reliable damage variable because it has a distinct physical 

meaning and can describe the initial fatigue damage and degradation process of rock 

subjected to fatigue loading. 
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  Keeping in view the above considerations, the fundamental aim of the present 

research was to study the effect of cyclic loading on strength and mechanical properties 

of Siwalik and Tertiary Himalayan sandstones to identify damage mechanisms induced 

by fatigue in the rock and propose a strain based fatigue damage model. A systematic 

laboratory investigation was planned to study (i) nature and index properties of the rock 

(ii) influence of major cyclic parameters like peak stress, amplitude, frequency and 

number of cycles under uniaxial and triaxial conditions (iii) mechanisms of fatigue 

damage evolution (iv) cyclic hardening behaviour (v) static and cyclic properties 

relationship (vi) microstructural analysis (vii) deformation analysis for proposal of a new 

fatigue damage model and (viii) numerical analysis simulating a prototype situation. The 

rock selected comprises of three sandstones collected from Katra, Disang and Barail 

formations of Himalaya which are isotropic in nature and having contrasting strength 

values.  

 To understand the nature of rock, petrographic analysis, scanning electron 

microscopy and X-ray diffraction studies were carried out. The physical and strength 

properties were tested in the laboratory on the core samples following ISRM and Indian 

Standards (IS) test procedures. The results show that Barail sandstone consisting 

predominantly of quartz with strong intergranular bonding has the highest compressive 

strength and modulus of elasticity while Katra sandstone consisting predominantly of 

loosely binded quartz in argillaceous cement has the lowest strength and modulus of 

elasticity. 

 Following the strength characterization of the three sandstones, two types of cyclic 

loading experiments – Cyclic damage test and Cyclic hardening test were carried out at 
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amplitude controlled, stress controlled, frequency controlled and cycle controlled mode 

under both uniaxial and triaxial conditions to determine strength and deformation 

behaviour of the selected rocks. The result of cyclic damage test shows that while 

increase in frequency enhances the fatigue strength of the rock, peak stress and amplitude 

drastically reduces the fatigue strength. Increase in cycle leads to progressive degradation 

of rock strength. A good correlation was found to exist between fatigue life and 

amplitude, peak stress and frequency. 

 Cyclic mechanical properties which are the direct manifestation of the progressive 

damage behaviour induced in the rock in microscale, were derived from the resultant 

stress-strain curve through MATLAB programming to analyse and interpret mechanism 

of damage evolution under cyclic loading. Degradation of elastic behaviour is represented 

by inverted Z-shaped non-linear curves illustrating the three stage fatigue damage 

behavior-primary or transient phase, secondary or steady state phase and tertiary or 

accelerating phase while increase in plastic deformation is represented by inverted S-

shaped non-linear curves. Damage behaviour of the rock has shown a sharp drop in their 

elastic parameters at failure with increase in amplitude and peak stress and increase in 

deformation parameters like irreversible axial/ diametral strain and Poisson’s ratio. 

Influence of frequency has shown a contrasting behaviour enhancing the strength of the 

rock at higher values. 

 Cyclic hardening tests were carried out which involves deciphering the static 

strength of the fatigued rock subjected to predetermined number of cycles of loading and 

unloading under triaxial compression for actual assessment of in-built damages induced 

in the same rock due to cyclic loading. The result shows that below a threshold value of 
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amplitude and number of cycles, static strength increases upto 36% and 49% with 

amplitude and upto 24.5 % and 29% with number of cycles for Barail and Disang 

sandstones respectively. 

 Deep seated tunnels located in mountainous terrain during excavation are both under 

the influence of static stress as well as stress generated by cyclic loading. Thus 

relationship between static and cyclic mechanical properties has been derived from the 

experiments under frequency, amplitude and stress controlled mode to relate the 

damaging influence of static and cyclic compression . The result shows that static and 

cyclic Young’s modulus can be related with normalized amplitude and frequency by 

power law and they show a linear relationship with normalized stress whereas static and 

cyclic Poisson’s ratio can be related with normalized amplitude and frequency by an 

exponential relationship under cyclic damage tests. 

 Based on the experimental results, two predictive strain based constitutive models 

and one model describing the elastic modulus degradation with increasing number of 

cycles, has been proposed through non-linear regression analysis modifying generalized 

Voigt-Kelvin and Lomnitz model which were proposed to predict behavior of rock under 

constant loading conditions known as Creep. The proposed models are applicable to all 

the three stages of deformation behaviour during cyclic loading: 

 Deformation Model I:   

 

   Deformation Model II:    
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  Modulus Degradation Model:        Et=aN
b 

+c
2
 

 Deformation model-I explains the deformation evolution of rock in the primary and 

secondary stages under cyclic hardening tests while Deformation model-II explains 

deformation evolution in all the three stages-primary, secondary and tertiary leading to 

failure of the rock under cyclic damage tests. The proposed models were validated with 

cyclic experimental results carried out by different researchers under similar conditions 

and compared with the constitutive creep based deformation models available in the 

literature.  

 

 A deformation analysis through finite element model ABAQUS/CAE was carried 

out to simulate ground borne vibration due to noise generated by high speed moving train 

or heavy traffic in a rail or road tunnel. The model analysis shows that deformation 

increases with amplitude irrespective of nature of bedrock. 

   

 Present research may act as future impetus for deriving a suitable fatigue damage 

mechanism applicable to both isotropic and anisotropic Himalayan rocks subjected to 

varied range of stress and deformation regime owing to its unique geological setting. 

 

 

 



vi 
 

 

CONTENTS 

     Page 

Acknowledgements  

Abstract  i 

Contents vi 

List of Tables xi 

List of Figures xiii 

List of Symbols 

 

xxviii 

CHAPTER   1 INTRODUCTION 1 

1.1   Introduction 1 

1.2 Scope of the Work 6 

1.3  Objectives of the Thesis 9 

1.4   Organization of the Thesis 10 

   

CHAPTER   2 LITERATURE REVIEW 13 

  2.1 Review of Himalayan Geology 13 

 2.1.1 Regional Geology 14 

 2.1.2 Major Stratigraphic Divisions 15 

 2.1.3 Tectonic Divisions 15 

  2.1.3.1 Gangetic Plains (Terai) 15 

  2.1.3.2 Siwalik Zone 15 

  2.1.3.3 Lesser Himalayan Zone 18 

  2.1.3.4 Higher Himalayan Zone 18 

  2.1.3.5 Tibetan-Tethys Zone 18 

 2.1.4 Major Lithology 19 

 2.1.5 Seismicity 19 

2.2 Behaviour of Rocks under Different Types of Loading Conditions 20 

2.3 Factors Affecting Static Behaviour of  Sedimentary Rocks  22 

 2.3.1 Geological Factors 23 

  2.3.1.1 Geological Age 23 

  2.3.1.2 Lithology 24 

  2.3.1.3 Texture 24 

   2.3.1.3.1 Shape, Size and Sorting of Grains  24 

   2.3.1.3.2 Type of Contacts 26 

   2.3.1.3.3 Packing Density and Packing Proximity  27 

   2.3.1.3.4 Mineralogical Composition 28 

 2.3.2 Physical Properties 30 

  2.3.2.1 Density/Porosity/Void Index/ Sonic Wave Velocity 30 

 2.3.3 Mechanical Factors 32 

  2.3.3.1 Classification of Intact Rock in Terms of Strength 32 

  2.3.3.2 Mechanical Properties of Rock under Static Loading                                 33 

   2.3.3.2.1 Uniaxial Compressive Strength 32 

   2.3.3.2.2   Tensile Strength 34 

   2.3.3.2.3 Young’s Modulus  35 

    2.3.3.2.4 Poisson’s Ratio 37 

  2.3.3.3 Mechanical Properties of Ductile/Soft Rock under Static 

Loading 

39 

  2.3.3.4 Triaxial Shear Strength of  Rock 40 

  2.3.3.5 Strength Criteria for Isotropic Rocks under Static 

Loading 

42 



Contents 
 

vii 
 

    2.3.3.6 Mechanisms of Brittle and Ductile Failure of Isotropic 

Rocks 

45 

   2.3.3.6.1 Microcracks and Macroscopical Faults 45 

  2.3.3.7 Dilatancy Behaviour of Rocks under Static Loading 46 

  2.3.3.8 Stress-Strain Model of  Isotropic Rock under Static 

Loading 

47 

 2.3.4 Time Dependent Behaviour of Rock 49 

  2.3.4.1 Creep 49 

  2.3.4.2 Fatigue 49 

2.4 Cyclic Behaviour of Rocks  52 

 2.4.1 Fatigue Limit 54 

 2.4.2 Role of Fatigue in Underground Excavation                                                        56 

 2.4.3 Mechanisms of Fatigue                                                                                      56 

 2.4.4 Factors Affecting Cyclic Behaviour of Rocks 61 

  2.4.4.1 Waveform  61 

  2.4.4.2 Loading Stress  62 

  2.4.4.3 Frequency  64 

  2.4.4.4 Stress Amplitude  67 

  2.4.4.5 Strain Rate  69 

  2.4.4.6 Confining Pressure  71 

 2.4.5 Evaluation of Fatigue Test Results                                                                    75 

  2.4.5.1 Cyclic Stress-Strain Behavior of Rock                                                                  75 

  2.4.5.2 Mechanical Properties of Rock under Cyclic Loading 75 

  2.4.5.3 Deformation Evolution 80 

  2.4.5.4 Dilatancy 81 

  2.4.5.5 Static and Cyclic Properties Relationship                                                            82 

  2.4.5.6 Fatigue Indicators 83 

 2.4.6 Experimental Investigations 84 

  2.4.6.1 Parameters 84 

  2.4.6.2 Type of Experiments 85 

   2.4.6.2.1                  Stress Controlled Cyclic Loading Tests 

under Compression 

87 

   2.4.6.2.2 Strain Controlled Cyclic Loading Tests 

under Compression 

87 

   2.4.6.2.3 Compressive-Tensile Loading Tests 88 

   2.4.6.2.4 Cyclic Loading Tests under Tension 89 

 2.4.7 Analysis of Cyclic Loading/Fatigue Test Results                                              89 

 2.4.8 Cyclic Strength Criteria for Isotropic Rocks 91 

 2.4.9 Conclusions 93 

 

CHAPTER   3 EXPERIMENTAL WORK 96 

3.1 Introduction 96 

3.2 Experimental Programme for Static and Cyclic Behaviour of Rock 96 

3.3 Selection of Study Area 99 

3.4 Geological Investigation of the Study Area 101 

 3.4.1 Disang Sandstone (DS) and Barail Sandstone (BS) 101 

 3.4.2 Katra  Sandstone (KS) 102 

3.5 Microstructural Analysis 105 

 3.5.1 Disang Sandstone 105 

  3.5.1.1 Petrographic and  X-Ray Diffraction Analysis 105 

  3.5.1.2 Scanning Electron Microscopy (SEM) 109 

 3.5.2 Barail Sandstone 111 



Contents 
 

viii 
 

  3.5.2.1 Petrographic and  X-Ray Diffraction Analysis 111 

  3.5.2.2 Scanning Electron Microscopy (SEM) 115 

 3.5.3 Katra Sandstone 116 

  3.5.3.1 Petrographic and  X-Ray Diffraction Analysis 116 

  3.5.3.2 Scanning Electron Microscopy (SEM) 118 

3.6 Physical  Properties 119 

3.7 Specimen  Preparation 120 

3.8 Geotechnical Behaviour under Static Loading 122 

 3.8.1 Brazilian Tensile Strength  122 

 3.8.2 Point Load Strength  123 

 3.8.3 Uniaxial Compressive Strength  124 

3.9 Geotechnical Behaviour under Cyclic Loading 126 

 3.9.1 Principal of Closed Loop Servo Controlled Machine 126 

 3.9.2 Flowchart Summarizing Methodology of Work 127 

 

CHAPTER  4 STATIC STRENGTH  BEHAVIOUR 129 

 4.1 Analysis of Strength and Deformation Results under Uniaxial 

Compression 

129 

 4.1.1 Stress-Strain Behaviour 129 

 4.1.2 Post Failure Behaviour of Katra Sandstone 131 

 4.1.3 Dilatancy Behaviour under Uniaxial Compression 133 

 4.1.4 Mechanical Properties of Rock under Uniaxial Compression 135 

4.2 Analysis of Strength and Deformation Results under Triaxial 

Compression 

137 

 4.2.1 Stress-Strain Behaviour 137 

 4.2.2 Dilatancy Behaviour under Triaxial Compression 140 

 4.2.3 Mechanical Properties of Rock under Triaxial Compression 143 

4.3 Failure Strength Criteria 146 

 4.3.1 Shear Strength Parameters 148 

 4.3.2 Empirical Strength Criterion 150 

4.4 Failure Pattern 152 

 

CHAPTER  5 CYCLIC STRENGTH BEHAVIOUR 156 

 5.1 Introduction 156 

5.2 Stress Strain Response in Cyclic Loading Experiments 158 

5.3 Cyclic Stress-Strain Behaviour  under Uniaxial Compression 161 

 5.3.1 Cyclic Damage Test upto Failure 161 

  5.3.1.1 Prediction of Fatigue Limit through S-N Curves 161 

5.4 Determination of  Static Strength from Cyclic Loading   170 

 5.4.1 Constant Cycle Varying Amplitude 174 

 5.4.2 Constant Amplitude Varying Cycle 181 

5.5 Cyclic Stress-Strain Behaviour  under Triaxial Compression 189 

 5.5.1 Cyclic Damage Test upto Failure 190 

  5.5.1.1 Varying Frequency 190 

  5.5.1.2 Varying  Amplitude 199 

   5.5.1.2.1 Dilatancy Behaviour under Varying 

Amplitudes 

218 

  5.5.1.3 Varying  Peak Stress 222 

5.6 Cyclic Hardening Tests 229 

 5.6.1 Constant Cycle Varying Amplitude  229 

 5.6.2 Constant Amplitude Varying Cycle 235 

5.7 Strength Relation between Uniaxial and Triaxial Incomplete Cyclic 240 



Contents 
 

ix 
 

Loading Parameters  

 5.7.1 Static Strength 240 

5.8 Static to Cyclic Mechanical Properties Relationship   244 

5.9 Interpretation of Cyclic Stress-Strain Curve based on Experimental 

Results 

247 

 

CHAPTER  6 MECHANISM OF DAMAGE EVOLUTION UNDER CYCLIC 

LOADING 

250 

 6.1 Mechanical Properties of Rock under Cyclic Loading 250 

 6.1.1 Fatigue Damage Indicators 252 

 6.1.2 Effect of Frequency on Cyclic Mechanical Properties of Rock 258 

  6.1.2.1 Evolution of Secant Modulus 259 

  6.1.2.2 Evolution of Unloading Modulus 260 

  6.1.2.3 Evolution of Young’s Modulus 261 

  6.1.2.4 Evolution of Hysteresis Energy 262 

  6.1.2.5 Evolution of Irreversible Axial Strain 263 

  6.1.2.6 Evolution of Irreversible Diametral Strain 265 

  6.1.2.7 Evolution of Poisson’s Ratio 267 

 6.1.3 Effect of Amplitude on Cyclic Mechanical Properties of Rock 270 

  6.1.3.1 Evolution of Secant Modulus 272 

  6.1.3.2 Evolution of Unloading Modulus 273 

  6.1.3.3 Evolution of Young’s Modulus 273 

  6.1.3.4 Evolution of Hysteresis Energy 275 

  6.1.3.5 Evolution of Irreversible Axial Strain 277 

  6.1.3.6 Evolution of Irreversible Diametral Strain 277 

  6.1.3.7 Evolution of Poisson’s Ratio 279 

 6.1.4 Effect of Peak Stress on Cyclic Mechanical Properties of Rock 283 

  6.1.4.1 Evolution of Secant Modulus 284 

  6.1.4.2 Evolution of Unloading Modulus 284 

  6.1.4.3 Evolution of Young’s Modulus 285 

  6.1.4.4 Evolution of Hysteresis Energy 286 

  6.1.4.5 Evolution of Irreversible Axial Strain 287 

  6.1.4.6 Evolution of Irreversible Diametral Strain 288 

  6.1.4.7 Evolution of Poisson’s Ratio 290 

 6.1.5 Influence of Confining Pressure  on Cyclic Mechanical 

Properties of Rock  

291 

  6.1.5.1    Schematic Plot Summarizing the Mechanism of Fatigue 

Behaviour 

308 

  6.1.5.2 Influence of Confining Pressure on Dilatancy 

Behaviour   

310 

6.2 Comparative Analysis of Evolution of Mechanical Properties under 

Cyclic Damage and Cyclic Hardening Tests  

311 

6.3 Static to Cyclic Mechanical Properties Relationship 315 

6.4 Damage Evaluation through Micro and Macro-Structural Analysis 319 

 6.4.1 Damage in Micro-scale 319 

 6.4.2 Damage in Macro-scale 326 

 

CHAPTER  7 PROPOSAL OF ROCK FATIGUE DAMAGE MODEL 331 

 7.1 Introduction 331 

 7.2 Proposed Equation to Determine Influence of Cycle on Irreversible 

Axial Strain 

333 

  7.2.1 Comparison of the Experimental Results with Creep Model  336 



Contents 
 

x 
 

  7.2.2 Proposed New Fatigue Damage Model 342 

 7.3 Proposed Equation to Determine Influence of Cycle on Young’s 

Modulus  

347 

 7.4 Proposed Equation to Determine Influence of Cycle on Cyclic Energy  349 

 

CHAPTER  8 NUMERICAL APPROACH  363 

 8.1 Introduction 363 

 8.2 Assumptions 367 

 8.3 Calculation Model and Calculation Parameters   368 

 8.4 Validation of the Model with Experimental Results 370 

  8.4.1 Details of Loading Applied in the Cylindrical Model 371 

 8.5 Simulation of Noise Induced Vibration in a Prototype Tunnel 374 

  8.5.1 Stability Analysis 376 

 8.6 Inference from Model Analysis 388 

 

CHAPTER  9 SUMMARY AND CONCLUSIONS 389 

 9.1 Nature and Index Properties  391 

 9.2 Influence of Amplitude, Frequency and Stress 392 

 9.3 Mechanisms of Damage Evolution 394 

 9.4 Cyclic Hardening Behaviour 396 

 9.5 Static and Cyclic Properties Relationship 398 

 9.6 Proposal of New Fatigue Damage Model 398 

 9.7 Stability Analysis through Numerical Modelling 400 

 9.8 Major Contributions from the Research 401 

 

REFERENCES 

 

402 

APPENDIX A Summary of Literature Review on Cyclic Behaviour of Intact Rocks in the 

Laboratory 

 

422 

APPENDIX B MATLAB Script 

 

432 

APPENDIX C Datasheet showing Experimental Results under Amplitude, Cycle and 

Frequency Controlled Mode 

 

437 

APPENDIX D Comparative Analysis of Evolution of Mechanical Properties under Cyclic 

Damage and Cyclic Hardening Tests 

522 

APPENDIX E Determination of Material Parameters for Modelling with ABAQUS 

 

528 

E.1 Calculation of Vibration Velocity Level from Cyclic Loading 

Parameters 

 

528 

E.2 ABAQUS/CAE Scripting (.py) Interface Command Stepwise 

 

530 

CURRICULUM VITAE 538 

 



xi 
 

LIST OF TABLES 

  

 Page 

Table 2.1. Geographical, stratigraphic, and structural division of the Himalayan range and 

Himalayan orogeny, Panthi (2006) 

16 

Table 2.2. Type of Himalayan rocks and their geomorphic units (Upreti, 1999) 20 

Table 2.3. Classification for strength of intact rock (Bieniawski, 1973) 35 

Table 2.4. Empirical relationships between unconfined compressive strength (UCS) and 

other physical properties in sandstone (Farrokhrouz and Asef, 2017)  

36 

Table 2.5. Recommendation of Poisson’s ratio classification (Gercek, 2007) 39 

Table 2.6. Rheological models for different rock types (Lama and Vutukuri, 1978) 
 

40 

Table 2.7. Cyclic strength criteria for isotropic rocks 

 

92 

Table 3.1. Generalized stratigraphic succession of rocks in Manipur (G.S.I.) 104 

Table 3.2. Generalized stratigraphic succession of rocks in Jammu region (CGWB,2013) 106 

Table 3.3. Physical properties of tested rocks 120 

Table 3.4. Index properties of tested rocks 123 

Table 3.5. Test programme for uniaxial and triaxial compressive strength 124 

Table 4.1. Strength index properties of sandstones 129 

Table 4.2. Elastic constants of sandstones at various confining pressure  144 

Table 5.1. Complete cyclic test results under stress controlled mode 163 

Table 5.2. Incomplete cyclic test results under amplitude controlled mode 172 

Table 5.3. Incomplete cyclic test results under cycle controlled mode 185 

Table 5.4. Complete cyclic test results under frequency controlled mode 191 

Table 5.5.Correlation between static triaxial behaviour before and after cyclic loading 

under frequency controlled mode for Katra sandstone at σ3 of 2 and 5MPa 

198 

Table 5.6. Complete cyclic test results under amplitude controlled mode at σ3 of 5MPa 

and 2MPa  

201 

Table 5.7. Complete cyclic test results under amplitude controlled mode at σ3 of 10MPa 

and 3MPa  

206 



List of Tables 
 

xii 
 

Table 5.8. Complete cyclic test results under amplitude controlled mode at σ3 of 15MPa 

and 5MPa  

210 

Table 5.9. Dilatancy behaviour of Barail, Disang and Katra sandstones under static and 

cyclic triaxial compression; D is the onset of dilatancy 

218 

Table 5.10. Complete cyclic test results under stress controlled mode at σ3 of 5MPa 224 

Table 5.11. Cyclic hardening test results under amplitude controlled mode at σ3 of 5MPa 235 

Table 5.12. Cyclic hardening test results under cycle controlled mode at σ3 of 10MPa 239 

Table 5.13. Summary of static strength degradation/improvement of rock after cyclic 

loading 

 

240 

Table 5.14. Relation between amplitude and static mechanical properties of rock before 

and after cyclic loading  

244 

Table 5.15. Relation between cycle and static mechanical properties of rock before and 

after cyclic loading  

245 

Table 5.16. Interpretation of the rock characterization from the cyclic stress-strain curves 248 

Table 6.1. Particle size analysis showing influence of cyclic loading on crushing  

                 percentage of the rock  

321 

Table 7.1. Intuitive unidimensional creep models (modified after Aydan et al, 2014)  336 

Table 7.2. Rheological models for unidimensional constitutive modeling (modified after 

Aydan et al, 2014)  

337 

Table 8.1. Parameters used for numerical modelling 369 

 
 



xiii 
 

 

 

 

LIST OF FIGURES 

 

 Page 

Figure 1.1. Application of cyclic loading in various surface and subsurface engineering 

structures 

 

3 

Figure 1.2. Progressive damage due to cyclic loading in a reservoir of a hydro power project 

 

 

4 

Figure 1.3. Block diagram of Himalaya showing different litho-tectonic units (Deoja et al., 

1991b) 

 

6 

Figure 2.1. Digital elevation model for the Himalaya 

 

 

14 

Figure 2.2. Regional geological map of Himalayan orogen showing different litho-tectonic 

units (Yin, 2005) 

 

 

 

 

17 

Figure 2.3. Structural cross-section across Gangetic plane, Siwaliks and lesser Himalayan 

zones (Upreti, 1999). SL: Sea level 

17 

Figure 2.4. The major principal thrust and focal mechanism solution of earthquakes in the 

Himalaya (Twiss and Moore, 1995) 

 

 

21 

Figure 2.5. Stress map of Himalaya and adjacent region (from World Stress Map, 2016)  21 

Figure 2.6. Rock testing and properties under different loading conditions 

 

23 

Figure 2.7. Strength vs. geological age for arenaceous rocks in Japan (Hoshino, 1977)                   

 

25 

Figure 2.8. Variation of strength with Quartz content for sandstones (Rao, 1984) 

 

25 

Figure 2.9. Type of contact found in sandstone samples (Taylor, 1950) 

 

27 

Figure 2.10. Nature of contact. TL; Traverse Length; g-grain; C-cement; Mx-matrix; and  

V-void (Taylor, 1950) 

 

27 

Figure 2.11. Variation of compressive strength with density for Singrauli coal field 

sandstones (Rao, 1984)       

31 

Figure. 2.12. Dependence of strength of 260 sandstone specimens on porosity (Chang et al, 

2006) 

 

31 

Figure 2.13. Uniaxial compressive strength versus void index for granite (after Serafim and 

Lopes, 1962) 

 

31 

Figure 2.14. Comparison between strength of 260 sandstone specimens with  interval transit 

time (or equivalent P-wave velocity), (Chang et al, 2006). 

 

31 

Figure 2.15. Comparison between strength of 260 sandstone specimens with Young’s 

Modulus  (Chang et al, 2006). 

 

37 

Figure 2.16. Prediction of UCS for sandstone as a function of Young's modulus based on 

equations (Farrokhrouz and Asef, 2017) 

 37 



List of Figures 

xiv 
 

Figure 2.17. Schematic diagram of a single pre-existing crack extension towards the 

compression stress (Eberhardt et al, 1998) 

 

47 

Figure 2.18. Stress-strain diagram exhibiting the different stages of the monotonic behaviour 

of brittle rocks  (Cerfontaine et al. 2016) (after Martin 1997, Cai et al. 2004) 

 

48 

Figure 2.19. An idealized creep curve at constant stress under compressive state creep 

testing of rock (Lama and Vutukuri, 1978)                                   

50 

Figure 2.20. Comparative creep characteristics for the same stress level in different types 

of rock (after Dusseault and Fordham,1993) 

 

50 

Figure 2.21. General form of a typical S-N curve (Lama and Vutukuri, 1978) 51 

Figure 2.22. Dynamic creep strain-stress  cycle (N) curve of Dolomite (Attewell and Farmer, 

1973) 

 

 

51 

Figure 2.23. Short term uniaxial creep tests and cyclic loading tests of rock salt 

(Fuenkajorn, 2010) 

52 

Figure 2.24. Stress–strain curves for monotonic and cyclic uniaxial compressive strength 

tests in granite (Momeni and Karakus, 2015) 

 

53 

Figure 2.25. Stress-strain curves during cyclic loading (a) on a fine grained igneous rock (b) 

on a porous sedimentary rock 

53 

Figure 2.26. S–N curves for different material and types of tests (Uniaxial, Triaxial, 

Brazilian) at constant amplitude (Cerfontaine and Collins,2017) 

 

 

55 

Figure 2.27. Simple frictional model dilatant hysteresis (Cerfontaine and Collin, 2017), 

after(Scholz and Kranz 1974; Zoback and Byerlee 1975) 

 

58 

Figure 2.28. Different periods of the fatigue life  (Vethe, 2012) 

 

59 

Figure 2.29. Fatigue rate curve. Region-I (Crack growth rate 10-6mm/cycle),  

Region-II (Crack growth rate 10
-6

 to 10
-3

 mm/cycle  and Region-III  

(Crack growth rate> 10
-3

 mm/cycle) (Vethe, 2012) 

 

59 

Figure 2.30. Tensile cracks opening perpendicular to the applied load in dry  

sandstone (Bagde and Petros, 2009) 

 

60 

Figure 2.31. Optical microscopic images of dry sandstone showing crack developed  

and fragment size distribution at two different loading conditions 

 (Bagde and Petros, 2009) 

 

 

 

60 

Figure 2.32. Schematic waveforms (Bagde and Petros, 2005)  62 

Figure 2.33. Peak fatigue strength with loading waveforms (Bagde and Petros, 2005  

modified after Gong and Smith, 2003) 

62 

Figure 2.34. Plot of  S-N curve (Nanda, 2013) 64 

Figure 2.35. Influence of frequency on the number of cycles at failure for Dolomite  

rock (Attewell and Farmer, 1973) 

 

66 



List of Figures 

xv 
 

Figure 2.36. Influence of frequency on axial stiffness of sandstone Dynamic fatigue  

strength with frequency (Bagde and Petros, 2005b) 

 

66 

Figure 2.37. Effect of loading amplitude on fatigue life of rock material under cyclic  

loading (Vaneghi, 2018). Data obtained from Singh (1989), He et al. (2016)  

and Taheri et al. (2016) 

 

 

67 

Figure 2.38. Schematic illustration of cyclic loading path with (a) CCL and  

(b) SCL (Vaneghi, 2018) 

 

68 

Figure 2.39. Peak fatigue strength with amplitude  for conglomerate(C) and sandstone(S) 

(Bagde and Petros, 2009) 

 

69 

Figure 2.40. Average dynamic Young’s  modulus with amplitude for siltstone  

(Bagde and Petros, 2009) 

69 

Figure 2.41. Fatigue curve of Chunar sandstone at varying strain rates (Ray et al. 1999) 

 

70 

Figure 2.42. Dynamic fatigue strength increase with increase in strain rate (Lajtai, 1991) 70 

Figure  2.43. Effect of number of cycles on failure strain (Ray et al. 1999) 70 

Figure 2.44. Influence of frequency and confining pressure on axial dynamic loading  

test of sandstone (Liu et al. 2012) 

 

73 

Figure 2.45. Gradual degradation in tangent Young’s modulus and Poisson’s ratio  

in a) uniaxial cyclic test and b) triaxial cyclic test of Hawkesbury  

sandstone (Taheri et al., 2015) 

 

74 

Figure 2.46. Hysteresis loop formed in  cyclic loading test (Fatemi, 2000) 76 

Figure 2.47. Hysteresis loop of the dynamic stress and strain curve (Hu et al. 2016) 76 

Figure 2.48. Relation between Young’s Modulus and number of cycles as compiled  

from literature review 

78 

Figure 2.49. Axial stiffness vs. peak fatigue strength of sandstone as compiled from literature 

review 

 

79 

Figure 2.50. Influence of stress frequency upon failure strain, uniaxial test at  

constant amplitude, limestone, σf = monotonic strength (after Attewell  

and Farmer, 1973) (Cerfontaine and Collin, 2017) 

 

82 

Figure 2.51. Typical stress history during cyclic loading 

 

85 

Figure 2.52. Classification of various cyclic loading tests conducted worldwide 

(Rukhaiyar and Samadhiya, 2017) 

 

86 

Figure 2.53. MTS Servo-controlled rock and concrete test system for conducting uniaxial  

and triaxial cyclic loading tests (Liu et al. 2012) 

 

 

87 

Figure 2.54. Universal Testing Machine for  uniaxial cyclic loading test  (Fuenkajorn, 2009) 87 

Figure 2.55. Shear failure. The failure bands are wider in cyclic loading under higher  

confining pressure; S=Static Load, D=Dynamic Load (Liu and He, 2011) 

87 



List of Figures 

xvi 
 

Figure 2.56. ε-N curve for cyclic loading  (Fatemi, 2000) 

 

88 

Figure 2.57. S-N curve for indirect tensile strength of Brisbane Tuff  (Erarsalan, 2012) 

 

88 

Figure 2.58. Indirect tensile strength set-up for conducting tensile cyclic loading tests  

(b) Tested Brazilian disc specimens under: (b-i) static loading, and (b-ii),  

cyclic loading (Erarsalan, 2012) 

89 

Figure 2.59.  Influence of stress, frequency, amplitude and cycle on fatigue strength of  

various rocks compiled from literature review  

94 

Figure 3.1. Flow chart for experimental programme on static behavior of rock 

 

97 

Figure 3.2.  Flow chart for experimental programme on cyclic behavior of rock 

 

98 

Figure 3.3. Location Map of the Study Area-Disang and Barail Sandstone  

 

103 

Figure 3.4. Exposures of low dipping beds of Barail sandstone on left bank of  

Irang river Sandstone beds are westerly dipping towards valley (b) Sedimentary  

structures in Barail sandstone showing asymmetrical current ripple marks 

 

103 

Figure 3.5.  Outcrop of steep dipping beds of Disang sandstone (b) Limbs of Isoclinal fold 

showing steeply dipping beds of sandstone in the core  

 

 

106 

Figure 3.6. Location Map of the Study Area: Katra Sandstone  107 

Figure 3.7. (a) Thickly bedded multistoried Katra sandstone (b) Conjugate fractures in Katra 

sandstone (c) Cross bedding in Katra sandstone (d) Trough & Flame structures 

in Katra sandstone of Dhokpathan Formation  

 

108 

Figure 3.8. Thin section petrographic analysis for Disang sandstone (Qtz=Quartz, 

Fe=Feldspar, Mi=Mica, Cl=clay, Ca=Carbonate vein, Fel=Ferruginous 

fluid; scale is 0.5 mm)  

 

109 

Figure 3.9. X-ray Diffractogram of Disang sandstone  109 

Figure  3.10. X-ray Diffractogram of Disang siltstone 

 

110 

Figure 3.11. SEM micrographs of intact specimens of  Disang sandstone  

 

111 

Figure 3.12. Thin section petrographic analysis for Barail sandstone (Qtz=Quartz, 

Cl=Clay, Fe=Feldspar, scale is 0.5 mm)  

 

114 

Figure 3.13. X-ray Diffractogram of Barail sandstone 

 

114 

Figure 3.14. SEM micrographs of intact specimens of Barail sandstone  115 

Figure 3.15. Thin section petrographic analysis for Katra sandstone (Qtz=Quartz, 

Fe=Feldspar, Mi=Mica, cb=Canada Balsam; scale is 0.5 mm)  

 

117 

Figure 3.16. X-Ray Diffractogram of  Katra sandstone  117 

Figure 3.17. SEM micrographs of intact specimens of Katra sandstone   118 



List of Figures 

xvii 
 

Figure 3.18. Classification of sandstones based on Ternary diagram 119 

Figure 3.19. Relation between physical properties and UCS of tested rock  121 

Figure 3.20. Core samples of (a) Barail, (b) Disang and (c) Katra sandstones. Typical 

l/d ratio for UCS, Point load and Brazilian tensile tests is shown for Barail 

sandstone 

 

121 

Figure 3.21. (a) Core drilling  and (b) cutting machine for preparation of specimen 

  

  

 

122 

Figure 3.22. Experimental set up with typical failure pattern in (a) Brazilian tensile test 

and (b) Point load test for Barail sandstone  

124 

Figure 3.23. Testing set-up (a) Conventional compression testing machine (b) Closed 

loop servo-controlled testing machine  

125 

Figure 3.24.  Functional behaviour of servo-controlled machine 

 

 

127 

Figure 3.25. Fast response closed loop servo controlled testing machine (modified after  

Hudson et al. 1972) 

 

128 

Figure 4.1. Stress-strain curve of Disang sandstone under uniaxial compression 

 

130 

Figure 4.2. Stress-strain curve of Barail sandstone under uniaxial compression  131 

Figure 4.3. Stress-strain curve of Katra sandstone under uniaxial compression  132 

Figure 4.4. Stress-strain plot of Katra sandstone at different strain rates  133 

Figure 4.5. Scatter plot showing increase in (a) peak strength (σp), (b) Young’s modulus (Et)  

and (c) Histogram showing increase in axial strain (εa) of Katra sandstone with 

increase in strain rate.  

134 

Figure 4.6. Stress-volumetric strain curve of Disang sandstone under uniaxial compression  137 

Figure 4.7. Stress-volumetric strain curve of Barail sandstone under uniaxial compression  137 

Figure 4.8.Stress-volumetric strain curve of Katra sandstone under uniaxial compression 

 

137 

Figure 4.9. Engineering classification of sandstone as per Deere-Miller classification (1966) 

 

138 

Figure 4.10. Stress-strain curve of Disang sandstone under triaxial compression 

 

140 

Figure 4.11. Stress-strain curve of Barail sandstone under triaxial compression  141 

Figure 4.12. Stress-strain curve of Katra sandstone under triaxial compression  141 

Figure 4.13. Volumetric stress-strain curve of Disang sandstone under triaxial 

compression  

142 

Figure 4.14.  Volumetric stress-strain curve of Barail sandstone under triaxial compression 

 

143 



List of Figures 

xviii 
 

Figure 4.15. Volumetric stress-strain curve of Katra sandstone under triaxial compression 143 

Figure 4.16.  Variation of elastic constants with confining pressure for Disang, Barail  

and Katra sandstones 

 

144 

Figure 4.17. Variation of εa and εd at failure with confining pressure for Disang, Barail  

and Katra sandstones 

 

 

146 

Figure 4.18. Mohr circles and strength envelope from triaxial tests in sandstones  149 

Figure 4.19. p-q plots for Disang, Barail and Katra sandstones  151 

Figure 4.20. Correlation between static strength and cohesion for sandstones  151 

Figure 4.21. Correlation between static strength and angle of internal friction for 

sandstones  

 

151 

Figure 4.22.  Strength parameters for Disang, Barail and Katra sandstones as per  

IITD criteria 

 

153 

Figure 4.23. Typical failure pattern of sandstones under uniaxial and triaxial  

compression tests 

 

154 

Figure 5.1. Experimental plan for cyclic loading under uniaxial compression  157 

Figure 5.2. Experimental plan for cyclic loading under triaxial compression  158 

Figure 5.3. Typical stress-strain plot under constant amplitude sinusoidal loading in (i) 

Amplitude controlled (ii) Cycle controlled and (iii)Frequency controlled mode  

160 

Figure 5.4. S-N curves for Barail, Disang and Katra sandstones  164 

Figure 5.5  Applied stress vs.time (from t=0) plot for complete cyclic loading tests 165 

Figure 5.6. Influence of peak stress on stress-strain behaviour of Barail sandstone at  

                   different  σc 

166 

Figure 5.7. Influence of peak stress on stress-strain behaviour of Katra sandstone at  

                   different  σc  

167 

Figure 5.8.  Influence of peak stress on stress-strain behaviour of Disang sandstone at  

                   different  σc  

168 

Figure 5.9. Correlation between normalized peak stress and axial strain at failure 

under uniaxial compression  

 

170 

Figure 5.10. Applied stress vs.time (from t=0) plot for incomplete cyclic loading tests 173 

Figure 5.11. Correlation between amplitude and static strength of various rocks  

compiled from literature review and its correlation with rocks of study area  

 

174 

Figure 5.12. Stress-strain behaviour of Disang sandstone at different amplitudes 

 

175 

Figure 5.13. Stress-strain behaviour of Katra sandstone at different amplitudes 

 

176 



List of Figures 

xix 
 

Figure 5.14. Stress-strain behaviour of Barail sandstone at different amplitudes 

 

177 

Figure 5.15. Correlation between normalized static strength and normalized amplitude  179 

Figure 5.16. Correlation between axial strain and normalized amplitude 

 

179 

Figure  5.17. Monotonic test carried out on fatigued sample to determine effect of amplitude 

on static strength of the rock  

 

180 

Figure 5.18. Plot of  number of cycles vs. static strength of various rocks compiled from 

literature review and its correlation with rocks of study area  

 

181 

Figure 5.19. Stress-strain behaviour of Disang sandstone at different cycles 182 

Figure 5.20. Stress-strain behaviour of Katra sandstone at different cycles 

 

183 

Figure 5.21. Stress-strain behaviour of Barail sandstone at different cycles 184 

Figure 5.22. Correlation between normalized static strength and number of cycles  186 

Figure 5.23. Correlation between axial strain and number of cycles  186 

Figure 5.24. Monotonic test carried out on fatigued sample to determine effect of  

number of cycles on static strength of the rock  

 

188 

Figure 5.25. Plot of frequency vs. fatigue life of various rocks compiled from  

literature review and its correlation with rocks of study area  

 

 

191 

Figure 5.26. Stress-strain behaviour of Barail sandstone under frequency controlled mode  

 

192 

Figure  5.27. Stress-strain behaviour of Disang sandstone under frequency controlled mode 

 

193 

Figure 5.28.  Stress-strain behaviour of Katra sandstone under frequency controlled mode at 

σ3 of 2MPa 

 

194 

Figure 5.29. Stress-strain behaviour of Katra sandstone under frequency controlled mode at 

σ3 of 3MPa 

 

195 

Figure 5.30. Monotonic test carried out on fatigued Katra sandstone to determine effect of 

frequency on static strength of the rock 

196 

Figure 5.31. Influence of frequency on fatigue life of Disang and Barail sandstones  197 

Figure 5.32. Correlation between axial strain at failure and frequency  

  

198 

Figure 5.33. Correlation of amplitude vs. fatigue life of studied rocks with various  

other similar researches 

 

200 

Figure 5.34. Stress-strain behaviour of Barail sandstone at σ3 of  5 MPa 202 

Figure 5.35. Stress-strain behaviour of Disang sandstone at σ3 of  5 MPa 

 

203 

Figure 5.36. Stress-strain behaviour of Katra sandstone at σ3 of 2 MPa 204 



List of Figures 

xx 
 

Figure 5.37. Correlation between amplitude and fatigue life at σ3 of  5MPa  

and 2MPa  

205 

Figure 5.38. Correlation between axial strain at failure and amplitude at σ3 of 5MPa  

and 2MPa  

205 

Figure 5.39. Stress-strain behaviour of Katra sandstone at σ3 of  3 MPa 

 

206 

Figure  5.40. Stress-strain behaviour of Barail sandstone at σ3 of 10 MPa 

 

207 

Figure 5.41. Stress-strain behaviour of Disang sandstone at σ3 of 10 MPa 208 

Figure 5.42. Correlation between amplitude and fatigue life at σ3 of 10MPa and 3MPa 

  

 

209 

Figure 5.43. Correlation between axial strain at failure and amplitude at σ3 of 10MPa and 

3MPa 

 

209 

Figure 5.44. Stress-strain behaviour of Disang sandstone at σ3 of 15 MPa 210 

Figure 5.45. Stress-strain behaviour of Katra sandstone at σ3 of  5 MPa 

 

211 

Figure 5.46. Stress-strain behaviour of Barail sandstone at σ3 of 15 MPa 

 

212 

Figure 5.47. Influence of amplitude on fatigue life of Barail, Disang and  

Katra sandstones at σ3 of 15MPa 

 

212 

Figure 5.48. Correlation between axial strain at failure and amplitude under σ3 of 15MPa 

 

213 

Figure 5.49. Influence of confining pressure on the fatigue strength of Barail, Disang and 

Katra sandstones  

 

216 

Figure 5.50. Influence of confining pressure on the deformation behaviour of Barail,  

Disang and Katra sandstones  

 

217 

Figure 5.51. Dilatancy behaviour of Barail, Disang and Katra sandstone under static  

triaxial compression; D is the onset of dilatancy 

 

219 

Figure 5.52. Dilatancy behaviour of Katra sandstone at different amplitudes under  

σ3 of 3MPa; D is the onset of dilatancy 

 

220 

Figure 5.53. Dilatancy behaviour of Barail sandstone at different amplitudes under  

σ3 of 10MPa; D is the onset of dilatancy 

 

221 

Figure 5.54. Dilatancy behaviour of Disang sandstone at different amplitudes under  

σ3 of 10MPa; D is the onset of dilatancy 

 

222 

Figure 5.55. Relation between amplitude and cyclic to static volumetric strain ratio;  

εvd-cyclic volumetric strain, εvs-static volumetric strain   

223 

Figure 5.56. Stress-strain behaviour of Disang sandstone under stress controlled mode at  

σ3 of 5 MPa 

 

226 

Figure 5.57. Stress-strain behaviour of Katra sandstone under stress controlled mode at  

σ3 of 5 MPa 

 

227 



List of Figures 

xxi 
 

Figure 5.58. Variation in fatigue strength under uniaxial and triaxial compression for  

Disang and Katra sandstone 

 

228 

Figure 5.59. Axial deformation behaviour under uniaxial and triaxial compression for  

Disang and Katra sandstone 

 

229 

Figure 5.60.  Influence of stress amplitude on cyclic hardening behaviour of various  

rocks as compiled from literature  

 

231 

Figure 5.61. Stress-strain behaviour of Disang sandstones at various amplitudes  

under incomplete cyclic loading at σ3 of 5MPa  

 

233 

Figure 5.62. Influence of amplitude on stress-strain plot of Disang sandstone after  

cyclic loading under triaxial compression  

 

233 

Figure 5.63. Stress-strain behaviour of Barail sandstones at various amplitudes  

under incomplete cyclic loading at σ3 of 5MPa  

 

234 

Figure 5.64. Influence of amplitude on stress-strain plot of Barail sandstone after cyclic 

loading under triaxial compression  

 

234 

Figure 5.65. Relation between amplitude and axial deformation of Barail and  

Disang sandstones under cyclic hardening test  

 

235 

Figure 5.66.  Influence of cycle on strain hardening behaviour of various rocks as  

compiled from literature review  

 

236 

Figure 5.67. Stress-strain diagram of Disang sandstone at various cycles under  

cyclic hardening test at σ3 of 10MPa  

 

237 

Figure 5.68. Influence of cycle on stress-strain plot of Disang sandstone after cyclic  

loading under triaxial compression  

 

237 

Figure 5.69. Stress-strain diagram of Barail sandstone at various cycles under  

cyclic hardening test at σ3 of 10MPa  

 

238 

Figure 5.70. Influence of cycle on stress-strain plot of Barail sandstone after cyclic  

loading under triaxial compression  

 

238 

Figure 5.71. Axial deformation behaviour of Barail and Disang sandstones with  

number of cycles under incomplete cyclic loading  

 

239 

Figure 5.72. Relation between static strength behaviour and amplitude under uniaxial and 

triaxial compression; (a) Peak Strength decrease and (b) Rock Hardening.  

 

241 

Figure 5.73. Relation between static strength behaviour and number of cycles under uniaxial 

and triaxial compression; (a) Peak Strength decrease and (b) Rock Hardening 

 

242 

Figure 5.74. Static to Cyclic properties relationship;(a)Young’s modulus vs.  

amplitude (b)Poisson’s ratio vs. amplitude  

 

 

245 

Figure 5.75. Static to Cyclic properties relationship;(a)Young’s modulus vs. number of  

cycles (b)Poisson’s ratio vs. number of cycles  

 

246 

Figure 6.1. Flowchart showing major cyclic mechanical properties obtained from  

cyclic compression testing  

 

253 

Figure 6.2. Illustration of formulation of fatigue damage indicators on cyclic  

stress-strain curve  

 

258 



List of Figures 

xxii 
 

Figure 6.3. Influence of frequency on evolution of secant modulus with number of cycles   

 

259 

Figure 6.4. Influence of frequency on evolution of unloading modulus with number of cycles   

 

260 

Figure 6.5. Influence of frequency on evolution of Young’s modulus with number of cycles   

 

261 

Figure 6.6. Influence of frequency on evolution of  hysteresis energy with number of cycles   

 

263 

Figure 6.7. Influence of frequency on evolution of irreversible axial strain  

 

264 

Figure 6.8. Influence of frequency on evolution of irreversible diametral strain  

 

265 

Figure 6.9. Cyclic stress-strain curve of Barail sandstone showing axial and lateral  

strain evolution with frequency 

 

266 

Figure 6.10. Influence of frequency on evolution of Poisson’s ratio with number of cycles   

 

268 

Figure 6.11. Relation between frequency and cyclic elastic properties of sandstones  

 

269 

Figure 6.12. Relation between frequency and cyclic deformational properties of  

sandstones, Barail sandstone (BS), Disang sandstone (DS), Katra sandstone (KS)  

 

270 

Figure 6.13. Influence of amplitude on evolution of secant modulus at σ3 of 5MPa  

and 2MPa  

273 

Figure 6.14. Influence of amplitude on evolution of unloading modulus at σ3 of 5MPa  

and 2MPa  

274 

Figure  6.15. Influence of amplitude on evolution of Young’s modulus at σ3 of 5MPa  

and 2MPa  

275 

Figure 6.16. Influence of amplitude on evolution of hysteresis energy at σ3 of 5 MPa  

and  2MPa  

276 

Figure 6.17. Influence of amplitude on evolution of irreversible axial strain at  

σ3 of 5MPa and 2MPa  

 

278 

Figure 6.18. Influence of amplitude on evolution of irreversible diametral strain at  

σ3 of 5MPa and 2MPa  

 

279 

Figure 6.19. Cyclic stress-strain curve of Barail sandstone showing axial and lateral 

 strain evolution with amplitude  

 

280 

Figure 6.20. Influence of amplitude on evolution of Poisson’s ratio at σ3 of 5MPa  

 and 2MPa  

281 

Figure 6.21. Relation between amplitude and cyclic elastic properties of sandstones at failure 

at σ3 of  5MPa and 2MPa  

282 

Figure 6.22. Relation between amplitude and cyclic plastic properties of sandstones at  

failure at σ3  of  5MPa and 2MPa  

 

283 

Figure 6.23. Influence of peak stress on evolution of secant modulus under  

uniaxial compression 

 

285 



List of Figures 

xxiii 
 

Figure 6.24. Influence of peak stress on evolution of unloading modulus under  

uniaxial compression 

 

286 

Figure 6.25. Influence of peak stress on evolution of Young’s modulus under  

uniaxial compression 

 

287 

Figure 6.26. Influence of peak stress on evolution of hysteresis energy under  

uniaxial compression 

 

288 

Figure 6.27. Influence of peak stress on evolution of irreversible axial strain under  

uniaxial compression 

 

289 

Figure 6.28. Influence of peak stress on evolution of irreversible diametral strain  

under uniaxial compression 

 

289 

Figure 6.29. Influence of peak stress on evolution of irreversible Poisson’s ratio  

under uniaxial compression 

 

290 

Figure 6.30. Relation between peak stress and cyclic deformational properties of  

sandstones at failure under uniaxial compression  

 

292 

Figure 6.31. Influence of amplitude on elastic properties of Disang sandstone at σ3 of  

10MPa  

 

296 

Figure 6.32. Influence of amplitude on elastic properties of Disang sandstone at σ3  

of 15MPa  

 

297 

Figure 6.33. Influence of amplitude on elastic properties of Barail sandstone at σ3 of  

10MPa  

 

298 

Figure 6.34. Influence of amplitude on elastic properties of Katra sandstone at σ3 of  

3MPa  

 

299 

Figure 6.35. Influence of amplitude on elastic properties of Katra sandstone at σ3 of  

5MPa  

 

300 

Figure 6.36. Influence of amplitude on plastic properties of Disang sandstone σ3 of  

10 MPa 

 

301 

Figure 6.37. Influence of amplitude on plastic properties of Disang sandstone σ3 of  

15MPa  

 

301 

Figure 6.38. Influence of amplitude on plastic properties of Barail  sandstone at σ3  

of 10MPa  

 

301 

Figure 6.39. Influence of amplitude on plastic properties of Katra sandstone at σ3 of  

3MPa  

 

302 

Figure 6.40. Influence of amplitude on plastic properties of Katra sandstone at σ3 of  

5MPa  

 

302 

Figure 6.41. Relation between amplitude and cyclic mechanical properties of  

Disang sandstone at failure under different σ3 

 

303 

Figure 6.42. Relation between amplitude and cyclic mechanical properties of  

Barail sandstone under different σ3 

 

305 



List of Figures 

xxiv 
 

Figure 6.43. Relation between amplitude and cyclic mechanical properties of Katra  

sandstone under different σ3 

306 

Figure 6.44. Schematic diagram showing generalized behaviour of cyclic deformation and 

cyclic modulus under cyclic damage tests 

309 

Figure 6.45. Schematic diagram showing generalized behaviour of cyclic deformation and 

cyclic modulus under cyclic hardening  tests 

310 

Figure 6.46. Relation between volumetric strain and number of cycles under different σ3  

for Barail sandstone 

 

311 

Figure 6.47. Relation between volumetric strain and number of cycles under different σ3  

for Katra and Disang sandstones  

 

312 

Figure 6.48. Static to Cyclic properties relationship under cyclic damage tests;  

(a)Young’s modulus vs. amplitude (b) Poisson’s ratio vs. amplitude  

 

317 

Figure 6.49. Static to Cyclic properties relationship under cyclic damage tests;  

(a)Young’s modulus vs. peak stress  (b) Poisson’s ratio vs. peak stress  

 

318 

Figure 6.50. Static to Cyclic properties relationship under cyclic damage tests;  

(a)Young’s modulus vs. frequency  (b) Poisson’s ratio vs. frequency  

 

319 

Figure 6.51. Influence of cyclic loading on particle size of the sandstones 

 

321 

Figure 6.52. SEM micrographs of  Disang sandstone before and after cyclic loading   

 

323 

Figure 6.53. SEM micrographs of  Barail sandstone before and after cyclic loading   

 

324 

Figure 6.54. SEM micrographs of  Katra sandstone before and after cyclic loading   

 

325 

Figure 6.55. Influence of stress on failure pattern of (a)Disang (b) Barail and (c) Katra 

sandstones; C-Crack area in sq. mm 

 

328 

Figure 6.56. Influence of amplitude on failure pattern of (a)Disang (b) Barail and  

(c) Katra sandstone; Neg.-Negligible 

  

 

328 

Figure 6.57. Influence of cycle on failure pattern of (a)Disang (b) Barail and  

(c) Katra sandstones under uniaxial compression; C-Crack area in sq. mm 

 

329 

Figure 6.58. Influence of frequency on failure pattern of (a)Disang (b) Barail and  

(c) Katra sandstones under triaxial compression 

 

 

329 

Figure 6.59. Influence of frequency on failure pattern of Katra sandstone under  

triaxial compression at 3MPa; C-Crack area in sq. mm 

330 

Figure 6.60. Influence of amplitude on failure pattern of (a)Disang (b) Barail and  

(c) Katra sandstones under triaxial compression  

 

330 

Figure 7.1. Experimental results showing deformation evolution with number of cycles  

                    as compiled from literature review  

 

335 

Figure 7.2. Intutitive model fit to experimental results applicable to three different  

stages  

of deformation behaviour 

 

338 



List of Figures 

xxv 
 

Figure 7.3. Rheological and intuitive model fit to experimental results applicable to  

three different stages of deformation behaviour  

339 

Figure 7.4. Rheological and intuitive model fit to experimental results applicable to  

three different stages of deformation behaviour 

340 

Figure 7.5. Rheological and intuitive model fit to experimental results applicable to  

three different stages of deformation behaviour 

341 

Figure 7.6. Validation of proposed Model-I for (a) Disang sandstone and (b) Katra  

sandstone upto primary and secondary stages 

 

344 

Figure 7.7. Validation of proposed Model-I for Barail sandstone upto primary and  

secondary stages 

345 

Figure 7.8. Validation of proposed Model-II for Disang sandstone upto primary, secondary 

and tertiary stages 

 

345 

Figure 7.9. Validation of proposed Model-II for (a) Katra sandstone and (b) Barail  

sandstone upto primary, secondary and tertiary stages 

 

 

346 

Figure 7.10. Validation of proposed Model-I for Barail sandstone and Katra sandstone  

under frequency controlled mode 

 

350 

Figure 7.11. Validation of proposed Model-I for (a) Disang sandstone under  

frequency controlled mode and (b) Barail sandstone under amplitude  

controlled mode 

 

351 

Figure 7.12. Validation of proposed Model-I for (a) Katra sandstone and  

(b) Disang sandstone under amplitude controlled mode 

 

352 

Figure 7.13. Proposed model fit to the experimental results of Young’s modulus  

degradation (a) Momeni et al. in Monzogranite and (b) Jia et al. in  

Yunnan sandstone 

 

353 

Figure 7.14. Proposed model fit to the experimental results of Young’s modulus  

degradation (a) Wang et al. in Granite and (b) Yang et al. in Limestone 

 

354 

Figure 7.15. Proposed model fit to the experimental results of Young’s modulus  

degradation (a) Taheri et al. in Hawkesbury sandstone and (b) Heap et al.  

in Basalt 

 

355 

Figure 7.16. Proposed model fit to the experimental results of Hysteresis energy evolution  

of Disang sandstone under stress controlled mode  

 

359 

Figure 7.17. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Katra sandstone under stress controlled mode  

 

359 

Figure 7.18. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Barail sandstone under stress controlled mode  

 

360 

Figure 7.19. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Disang sandstone under frequency controlled mode  

 

360 



List of Figures 

xxvi 
 

Figure 7.20. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Barail sandstone under frequency controlled mode  

 

361 

Figure 7.21. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Disang sandstone under amplitude controlled mode  

 

 

361 

Figure 7.22. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Barail sandstone under amplitude controlled mode  

 

362 

Figure 7.23. Proposed model fit to the experimental results of Hysteresis energy  

evolution of Katra sandstone under amplitude controlled mode  

 

362 

Figure 8.1. Propagation of ground borne vibration induced by a fast moving train  

into buildings  (modified after RDSO guidelines) 

 

365 

Figure 8.2.  Meshing of the validated model 370 

Figure 8.3.  Boundary condition of FEM model 371 

Figure 8.4. Deformation model with displacement magnitude  profile simulating   

deformation behavior of  Katra sandstone  at amplitude 5kN 

 

371 

Figure 8.5.  Model validated with experimental results at amplitude of 5kN 372 

Figure 8.6. Deformation model with displacement magnitude  profile simulating  

deformation behavior of  Katra sandstone  at amplitude 5kN 

 

373 

Figure 8.7. Deformation profile showing relation with number of cycles at amplitude 10kN  

 

373 

Figure 8.8. Meshing of the rock tunnel model 

 

375 

Figure 8.9. Boundary conditions of FEM model 

 

375 

Figure 8.10. Dynamic parameters used in the model for simulating deformation  

behaviour of Katra sandstone; Amplitude-5kN, frequency-2Hz 

 

377 

Figure 8.11. Deformation model with vertical displacement distribution  profile  

simulating behavior of  Katra sandstone  at amplitude 5kN 

 

378 

Figure 8.12. Deformation profile validated with experimental results of Katra sandstone  

at amplitude of 5kN 

 

378 

Figure 8.13. Prototype  deformation model simulating behavior of  Katra sandstone   

at amplitude 20kN 

 

379 

Figure 8.14. Prototype  deformation model simulating behavior of  Katra sandstone   

at amplitude 30kN 

 

379 

Figure 8.15. Dynamic parameters used in the model for simulating deformation behaviour  

of Barail sandstone; Amplitude-40kN, frequency-2Hz 

 

380 

Figure 8.16. Prototype  deformation model simulating behavior of  Barail sandstone   

at amplitude  40kN 

 

380 

Figure 8.17. Deformation profile validated with experimental results of Barail sandstone  

at amplitude of 40kN 

 

381 



List of Figures 

xxvii 
 

Figure 8.18. Prototype  deformation model simulating behavior of  Barail sandstone   

at amplitude  60kN 

 

381 

Figure 8.19. Prototype  deformation model simulating behavior of  Barail sandstone   

at amplitude  5kN 

 

382 

Figure 8.20. Dynamic parameters used in the model for simulating deformation behaviour  

of Disang sandstone; Amplitude-30kN, frequency-2Hz 

 

382 

Figure 8.21.  Prototype  deformation model simulating behavior of  Disang  sandstone  

at amplitude  30kN 

 

383 

Figure 8.22. Deformation profile validated with experimental results for Disang sandstone  

at amplitude 30kN 

 

383 

Figure 8.23.  Prototype  deformation model simulating behavior of  Disang  sandstone  

at amplitude  60kN 

 

384 

Figure 8.24.  Prototype  deformation model  simulating behavior of  Disang  sandstone  

at amplitude  5kN 

 

384 

Figure 8.25.  Deformation profile plotted from the vertical displacement results generated  

by model run. 

 

385 

Figure 8.26. Variation of deformation with amplitudes of cyclic loading for Katra sandstone 

 

386 

Figure 8.27. Variation of deformation with amplitudes of cyclic loading for Barail sandstone 

 

387 

Figure 8.28. Variation of deformation with amplitudes of cyclic loading for Disang sandstone 

 

387 

 



xxviii 
 

 

 

LIST OF SYMBOLS 

  

 

Static Nomenclature 

ρdry  Dry density 

ρsat  Saturated density 

n Porosity 

MR Modulus ratio 

Pd Packing density 

Pp Packing proximity 

σc Uniaxial compressive strength (UCS) 

Vp P-wave velocity 

Vb Bulk volume 

Vm Volume of the matrix 

Ed Dynamic elastic modulus 

G Shear modulus 

VL Longitudinal infinite medium velocity  

VS Shear wave velocity 

σt Brazilian tensile strength 

Is Point load strength index 

Δt Interval transit time 

c Cohesion 

Φ Internal angle of friction 

E Static Young’s modulus 

ν Poisson’s ratio 

γd Density  

e Void ratio 

εa Static axial strain 

εd Static diametral strain 

εv Static volumetric strain 

σH Horizontal in situ stress  

σV Vertical in situ stress  

Pz Principal insitu stress parallel to the longitudinal axis of the opening 

σθ Tangential stress 

σr Radial stress 

𝜂 Viscocity 

σ1 Major principal stress under quasi-static loading 

AE Acoustic emission 

σf Failure stress 



List of Symbols 
 

xxix 
 

σi Stress at initiation of microcrack 

 

 

σcc Stress at crack closure 

σd Stress at dilatancy 

σ3 Minor principal stress 

𝜀̇ Strain rate 

T Temperature 

Q Activation energy 

σn Normal stress 

τ Shear stress 

𝐸𝑎𝑣𝑠 Average static Young’s modulus 

 

Cyclic Nomenclature 

σmax Maximum stress at a fraction of static strength  

σmon Monotonic/static strength 

σstat Static strength of fatigued rock 

N Number of cycles 

P.L. Peak load 

K Stress intensity 

Rs Stress ratio 

a Crack length  

σa Load/Stress amplitude 

f Frequency 

εv,re Residual volumetric strain 

εa Cyclic strain 

Es Secant modulus 

Eu Unloading modulus 

Et Young’s modulus 

U Hysteresis energy 

εa,irr Irreversible axial strain 

εd,irr Irreversible diametral strain 

ν Poisson’s ratio 

As Axial stiffness 

C Damping coefficient 

λ Damping ratio 

σp Peak stress 

σmin Valley stress 

Δσ Differential stress 

Δε Differential strain 

τstat Static triaxial compressive strength 



List of Symbols 
 

xxx 
 

AR Area of hysteresis loop 

AS Area of the triangle 

X Response amplitude 

Ω Circular frequency of loading-unloading 

We Stress energy 

εl Lateral strain 

𝜎𝑐𝑑 Cyclic uniaxial compressive strength 

𝐸𝑎𝑣𝑑 Average cyclic Young’s modulus 

𝜎𝑚 Mean load 

𝜏𝑜𝑐𝑡 Octahedral shear stress 

c Shear strain 

Amp. Amplitude 

Su Cyclic stress (% of UCS) under uniaxial compression 

St Cyclic stress (% of UCS) under triaxial compression 

L Fatigue life 

D Cyclic dilatancy 

εvd Cyclic volumetric strain at failure 

εvs Static volumetric strain at failure  

𝜎𝑐𝑦𝑐 Fatigue strength 

Damp  Amplitude controlled damage 

Dcyc Cycle controlled damage 

Ramp Amplitude controlled hardening 

Rcyc Cycle controlled hardening 

𝜀𝑐 Creep strain  

β Velocity level measured in decibel 

I Intensity of sound 

 

 

 


	Thesis PhD mainak ghosh roy.pdf
	1. COVER PAGE OF THESIS
	2. Blank Page
	3. Dedicatedpdf
	4. Blank Page
	5. CERTIFICATE
	6. Blank Page
	7. Acknowledgement
	8. ABSTRACT
	9. Blank Page
	10. Contents
	11. Blank Page
	12. List of tables
	13. List of Figures
	14. Blank Page
	15. List of Symbols
	16. Blank Page
	17. Chapter 1  Introduction
	18. Chapter 2  Literature Review
	19. Chapter 3. Experimental work
	20. Blank Page
	21. Chapter 4. Static strength behaviour 
	22. Chapter 5. Cyclic strength behaviour
	23. Chapter 6. Mechanism of Damage evolution with failure pattern
	24. Chapter 7. Proposal of Rock Fatigue Damage Model
	25. Chapter 8. Numerical model
	26. Chapter 9. Conclusion
	27. Blank Page
	28. References
	29. Appendix
	Appendix A.pdf (p.1-10)
	Appendix B.pdf (p.11-15)
	Appendix C.pdf (p.16-100)
	Appendix C.pdf (p.1)
	Appendix C combined.pdf (p.2-85)

	Appendix D.pdf (p.101-106)
	Appendix E.pdf (p.107-116)

	30. Curriculum Vitae




