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ABSTRACT 
 

In the twentieth century, manmade disasters, e.g. bomb blast, projectile attack, mine blast 

have created headlines in the news due to blast in London and Paris underground metro 

tunnels, projectile attack in Gaza, landmine blast in Kashmir. The disastrous events like blast 

or projectile attack, when happens underground, create ground shock that gives rise to a high 

rate of loading in soil and rock in the surroundings. The strain rate generated in rock when 

subjected to blast loading may go as high as 102/s to 104/s. The stress-strain response of rock, 

its peak stress and stiffness are significantly affected when subjected to such high rate of 

loading.  

 The present thesis aims to understand the stress-strain response of ten different types 

of rocks under high loading rate through detailed experimental and numerical analyses. The 

high strain rate characterisation of these ten rocks are done for two different diameters, and 

five different slenderness ratios of the rock specimens using a 76 mm diameter split 

Hopkinson pressure bar (SHPB) device to understand the standard specimen dimension for 

the rocks in SHPB test exhibiting highest sensitivity to loading rates. The stress-strain 

response of the rock specimens is studied by varying the length of the striker bars and the gas 

gun pressure values systematically. Petrological and static characterisation of the ten different 

types of rocks are also carried out to assess the response of the rock specimens. Based on the 

test results, a methodology is proposed to characterize the rock specimens under high loading 

rate. Further, numerical validation of SHPB test on these ten different types of rocks are 

performed using strain rate dependent Johnson-Holmquist (JH-2) model in the finite element 

software, LS-DYNA and the parameters are determined. The parameters obtained are then 

used in blast analysis of a tunnel subjected to 20 kg trinitrotoluene (TNT) explosion. 
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 The major findings of this thesis comprise of modification of a 76 mm SHPB device 

design to characterize heterogeneous materials like rock, concrete and ceramics. The 

physical, petrological and mechanical properties of the rock create a database for designing 

of underground structures. 

The appropriate specimen dimension for characterising ten different types of rock by using 

SHPB device are determined and recommended based on two approaches, e.g., the highest 

sensitivity of DIF with respect to loading rate and highest sensitivity of energy absorption 

with respect to volume of the specimen. A strain rate dependent JH-2 constitutive model is 

calibrated using the experimental stress-strain response of the appropriate specimen size. The 

determined JH-2 parameters are used in blast analysis of tunnels in each rock type. The 

response obtained are studied and final design propositions are made. Moreover, parametric 

studies on blast analysis in tunnel has been conducted for one rock type from each formation 

category, e.g., granite (igneous rock), limestone (sedimentary rock) and phyllite 

(metamorphic rock). The results obtained from the parametric studies support the 

recommendation made on the selection of appropriate specimen dimension from the 

experimental results. Lastly, a classification system based on the dynamic characterisation is 

proposed based on the compressive strength and dynamic modulus of the rocks. 

  



सार 

 

बीसवी ीं शताब्दी में, मानव नननमित आपदाएँ, उदा। बम नवस्फोट, प्रके्षप्य हमला, खनन नवस्फोट ने लींदन और 

पेररस की भूनमगत मेटर ो सुरींगोीं, गाजा में प्रके्षप्य हमले, कश्मीर में बारूदी सुरींग नवस्फोट के कारण खबरोीं 

में सुर्खियाीं बनाई हैं। ब्लास्ट या प्रोजेक्टाइल अटैक जैसी नवनाशकारी घटनाएीं , जब भूनमगत होती हैं, तो 

ग्राउींड शॉक बनाते हैं जो आसपास की नमट्टी और चट्टान में लोनडींग की उच्च दर को जन्म देता है। ब्लास्ट 

लोनडींग के अधीन होने पर चट्टान में उत्पन्न तनाव दर 102/s से 104/s तक जा सकती है। जब लोनडींग की 

इतनी उच्च दर के अधीन, रॉक का तनाव-तनाव प्रनतनिया, इसका चरम तनाव और कठोरता काफी 

प्रभानवत होती है। 

वतिमान थीनसस का उदे्दश्य नवसृ्तत प्रयोगात्मक और सींख्यात्मक नवशे्लषण के माध्यम से उच्च 

लोनडींग दर के तहत दस नवनभन्न प्रकार की चट्टानोीं के तनाव-तनाव प्रनतनिया को समझना है। इन दस 

चट्टानोीं का उच्च तनाव दर लक्षण वणिन दो अलग-अलग व्यास के नलए नकया जाता है, और रॉक नमूनोीं 

के पाींच अलग-अलग पतला अनुपात में एक 76 नममी व्यास नवभाजन हॉपनकीं सन दबाव बार (SHPB) 

नडवाइस का उपयोग करके SHPB परीक्षण में चट्टानोीं के नलए मानक आयाम आयाम को समझने के 

नलए नकया जाता है, जो लोनडींग दरोीं के प्रनत उच्चतम सींवेदनशीलता प्रदनशित करते हैं। रॉक नमूनोीं के 

तनाव-तनाव प्रनतनिया का अध्ययन स्टर ाइकर बार की लींबाई और गैस बींदूक दबाव मूल्ोीं को व्यवर्थथत 

रूप से अलग-अलग करके नकया जाता है। रॉक नमूनोीं की प्रनतनिया का आकलन करने के नलए दस 

नवनभन्न प्रकार की चट्टानोीं के पेटोलॉनजकल और थथैनतक लक्षण वणिन भी नकया जाता है। परीक्षण के 

पररणामोीं के आधार पर, उच्च लोनडींग दर के तहत रॉक नमूनोीं को नचनित करने के नलए एक कायिप्रणाली 

प्रस्तानवत की जाती है। इसके अलावा, इन दस अलग-अलग प्रकार की चट्टानोीं पर SHPB परीक्षण की 

सींख्यात्मक मान्यता, पररनमत तत्व सॉफ्टवेयर, LS-DYNA में तनाव दर ननभिर जॉनसन-होल्मर्िस्ट (JH-

2) मॉडल का उपयोग करके की जाती है और मापदींडोीं का ननधािरण नकया जाता है। इसके बाद प्राप्त 



मापदींडोीं का उपयोग 20 नकलोग्राम नटर ननटर ोटोलुइन (टीएनटी) नवस्फोट के अधीन एक सुरींग के नवस्फोट 

नवशे्लषण में नकया जाता है।  

इस थीनसस के प्रमुख ननष्कषों में रॉक, कीं िीट और नसरेनमक जैसी नवषम सामनग्रयोीं को नचनित 

करने के नलए 76 नममी SHPB नडवाइस नडजाइन का सींशोधन शानमल है। चट्टान के भौनतक, पेटोलॉनजकल 

और याींनिक गुण भूनमगत सींरचनाओीं के नडजाइन के नलए एक डेटाबेस बनाते हैं।  

SHPB नडवाइस का उपयोग करके दस नवनभन्न प्रकार की चट्टान को नचनित करने के नलए उपयुक्त 

नमूना आयाम दो दृनिकोणोीं के आधार पर ननधािररत और अनुशींनसत हैं, उदाहरण के नलए, लोनडींग दर के 

सींबींध में डीआईएफ की उच्चतम सींवेदनशीलता और नमूना की मािा के सींबींध में ऊजाि अवशोषण की 

उच्चतम सींवेदनशीलता। एक तनाव दर ननभिर जेएच -2 सींवैधाननक मॉडल उपयुक्त नमूना आकार के 

प्रयोगात्मक तनाव-तनाव प्रनतनिया का उपयोग करके कैनलबे्रट नकया जाता है। प्रते्यक रॉक प्रकार में 

सुरींगोीं के नवस्फोट नवशे्लषण में ननधािररत JH-2 मापदींडोीं का उपयोग नकया जाता है। प्राप्त प्रनतनिया का 

अध्ययन नकया जाता है और अींनतम नडजाइन प्रस्ताव बनाए जाते हैं। इसके अलावा, सुरींग में ब्लास्ट 

नवशे्लषण पर पैरामीनटरक अध्ययन प्रते्यक गठन शे्रणी से एक रॉक प्रकार के नलए आयोनजत नकया गया 

है, जैसे, गे्रनाइट (आगे्नय चट्टान), चूना पत्थर (तलछटी चट्टान) और नफलाइट (रूपाींतररत चट्टान)। 

पैरामीनटरक अध्ययन से प्राप्त पररणाम प्रयोगात्मक पररणामोीं से उपयुक्त नमूना आयाम के चयन पर की 

गई नसफाररश का समथिन करते हैं। अन्त में, गनतशील वणििम के आधार पर एक वगीकरण प्रणाली का 

प्रस्ताव नकया जाता है जो चट्टानोीं की सींपीऩित शर्क्त और गनतशील मापाींक पर आधाररत होता है। 



vi 

 

 TABLE OF CONTENTS 
  

CHAPTER TITLE PAGE NO. 
 Abstract iv 
 Table of Contents vi 
 List of Tables xiii 
 List of Figures xvii 
 

Chapter 1 

 
Introduction and Literature Survey on Stress-Strain 
Response of Geological Materials 

 

1 

1.1 Introduction 1 

1.2 High Strain Rate Response of Soil - A Review 4 

1.3 High Strain Rate Response of Rock - A Review 12 

1.4 Knowledge Gap from The Literature 26 

1.5 Objectives and Scope of Work 29 

1.6 Organization of Thesis 30 

 

Chapter 2 

 
Experimental Techniques and Design of SHPB Device 

 

36 

2.1 Setup for Petrological, Physical and Static Tests 36 

2.2 Setup for Dynamic Tests 37 

 2.2.1. Working Principle of SHPB Device 38 

 2.2.1.1. Stress Wave Propagation 39 

 2.2.1.2. Stress Wave Propagation Parameters 39 

 2.2.1.3. Propagation Velocity 39 

 2.2.1.4. Particle Velocity 40 

 2.2.1.5. Reflection and Transmission at an Interface 

between Two Dissimilar Materials 

 

41 

 2.2.2. Types of Split Hopkinson Pressure Bar System 42 

 2.2.1.1. Compression SHPB 42 

 2.2.1.2. Tension SHPB 42 

 2.2.1.3. Torsion SHPB 43 

 2.2.3. Evolvement of Kolsky Bar into SHPB Device 44 

 2.2.4. Theory of SHPB Compression System 45 

 2.2.5. Mechanism of the Compression Type Split 

Hopkinson Pressure Bar (SHPB) 

46 

 2.2.5.1. Loading Device and Striker Bar 46 

 2.2.5.2. Bar Components 47 

 2.2.5.3. Data Acquisition and Recording System 47 

2.3 Designing of Split Hopkinson Pressure Bar for 

Heterogeneous Materials like Rock 

55 

   

   

   



vii 

 

CHAPTER TITLE PAGE NO. 
   

 2.3.1. Bar Design (One Dimensional Wave Propagation and 

Wave Dispersion) 

55 

 2.3.1.1. One Dimensional Wave Propagation 55 

 2.3.1.2. Wave Dispersion 56 

 2.3.2. Stress Generating System (Gas Gun Design) 58 

 2.3.3. Auxiliary Equipments 60 

 2.3.3.1. Momentum Trapper 60 

 2.3.3.2. Velocity Measurement  60 

 2.3.3.3. Platens 61 

 2.3.4. Stress Determination System  61 

 2.3.4.1. Signal Conditioning Amplifier 61 

 2.3.4.2. Picoscope (PC Oscilloscope) 62 

 2.3.5. Stand Design 63 

2.4 Designing of Split Hopkinson Pressure Bar Device for 

Indian Institute of Technology (IIT) Delhi 

64 

 2.4.1. Bar Design 64 

 2.4.2. Gas Gun Design 64 

 2.4.3. Design for the Limits Length of the Striker Bar 68 

 

Chapter 3 

 
Physio-Mechanical Characterisation of Rocks 

 

77 

3.1 Introduction 77 

3.2 Rock Sample Collection and Testing 82 

3.3 Results and Discussion 84 

 3.3.1. Petrological Tests 84 

 3.3.1.1. Igneous Rock 84 

 3.3.1.2. Sedimentary Rock 86 

 3.3.1.3. Metamorphic Rock 86 

 3.3.2. Physical Properties and Mechanical Properties under 

Static Loading 

87 

 3.3.3. Comparative Assessment of the Physical and 

Mechanical Properties of all the Ten Rocks tested herein. 

88 

 3.3.4. Classification of Rocks based on Deere Miller Rock 

Mass Classification System 

91 

3.4 Conclusions 92 

 

Chapter 4 

 

Materials and Methodology for Dynamic 
Characterisation 

 

112 

4.1 Experimental Setup 112 

 4.1.1. Setup for Dynamic Tests 112 

 4.1.2. Rock Specimen Dimensions 113 

   



viii 

 

CHAPTER TITLE PAGE NO. 
   

4.2 Finite Element Modelling for Calibration of Numerical 

Model with Experimental Results 

114 

 4.2.1. Modelling of Rock Specimen 115 

 4.2.2. Solution Scheme 117 

4.3 Physics Behind the Increase in Strength of the Rocks 117 

 

Chapter 5 

 
Dynamic Characterization of IGNEOUS ROCKS  

 

123 

 
Part I 

 
Dynamic Characterisation of Compact Basalt 

 

124 

5.I.1 Dynamic Tests on Compact Basalt 124 

 5.I.1.1. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.2 

125 

 5.I.1.2. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.3 

125 

 5.I.1.3. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.5 

126 

 5.I.1.4. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.2 

126 

 5.I.1.5. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.3 

126 

 
5.I.1.6. Effect of the specimen volume on peak stress and 

strain rate 

127 

 5.I.1.7. Mechanism for increase in the strength of the rocks 

under dynamic loads 

128 

 5.I.1.8. Variation of energy absorbed by the specimens with 

respect to slenderness ratio and volume of the specimens 

129 

5.I.2 Calibration of Numerical Model with Experimental Results 

for Basalt Rock 

130 

5.I.3 Conclusions 132 

 

Part II 

 

Dynamic Characterisation of Volcanic Breccia 

 

141 

5.II.1 Dynamic Tests on Volcanic Breccia Rock 141 

5.II.2 Calibration of Constitutive Model Parameters for SHPB 

Tests on Volcanic Breccia Rock 

145 

5.II.3 Conclusions 145 

 

Part III 

 

Dynamic Characterisation of Granite 

 

158 

5.III.1 Dynamic Tests on Granite Rock 158 

 5.III.1.1. Effect of the specimen volume on peak stress and 

strain rate 

160 

   



ix 

 

CHAPTER TITLE PAGE NO. 
   

 5.III.1.2. Mechanism for increase in the strength of the 

rocks under dynamic loads 

162 

 5.III.1.3. Variation of energy absorbed by the specimens 

with respect to slenderness ratio and volume of the 

specimens 

163 

5.III.2 Calibration of Numerical Model with Experimental Results 

for SHPB Tests on Granite Rock 

164 

5.III.3 Conclusions 167 

 

Part IV 

 
Dynamic Characterisation of Metadolerite 

 

182 

5.IV.1 Dynamic Tests on Metadolerite Rock 182 

 5.IV.1.1. Effect of the specimen volume on peak stress and 

strain rate 

183 

 5.IV.1.2. Mechanism for increase in the strength of the 

rocks under dynamic loads 

183 

5.IV.2 Conclusions 185 

 

Chapter 6 

 

Dynamic Characterization of SEDIMENTARY ROCKS 

 

189 

 

Part I 

 

Dynamic Characterisation of Sandstone 

 

190 

6.I.1 Dynamic Tests on Sandstone Rock 190 

6.I.2 Determination of Constitutive Model Parameters by 

Calibration of Numerical Results with Experimental Ones 

194 

6.I.3 Conclusions 195 

 

Part II 

 

Dynamic Characterisation of Limestone 

 

208 

6.II.1 Dynamic Tests on Limestone Rock 208 

 6.II.1.1. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.2 

208 

 6.II.1.2. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.3 

209 

 6.II.1.3. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.5 

209 

 6.II.1.4. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.2 

210 

 6.II.1.5. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.3 

210 

 6.II.1.6. Effect of the specimen volume on peak stress and 

strain rate 

210 

 6.II.1.7. Mechanism for increase in the strength of the rocks 

under dynamic loads 

211 



x 

 

CHAPTER TITLE PAGE NO. 
   

 6.II.1.8. Variation of energy absorbed by the specimens 

with respect to slenderness ratio and volume of the 

specimens 

212 

6.II.2 Calibration of Numerical Model with Experimental Results 

for Limestone Rock 

213 

6.II.3 Conclusions 214 

 

Part III 

 

Dynamic Characterisation of Dolomite 

 

229 

6.III.1 Dynamic Tests on Dolomite Rock 229 

 6.III.1.1. Effect of the specimen volume on peak stress and 

strain rate 

231 

 6.III.1.2. Mechanism for increase in the strength of the 

rocks under dynamic loads 

232 

 6.III.1.3. Variation of energy absorbed by the specimens 

with respect to slenderness ratio and volume of the 

specimens 

233 

 6.III.1.4. Correlation of specimen size with rock mass in 

terms of Weibull Modulus 

234 

6.III.2 Calibration of Numerical Model with Experimental Results 

from SHPB Tests on Dolomite Rock 

235 

6.III.3 Conclusions 236 

 

Chapter 7 

 

Dynamic Characterization of METAMORPHIC 
ROCKS 

 

250 

 

Part I 

 

Dynamic Characterisation of Phyllite 

 

251 

7.I.1 Dynamic Tests on Phyllite Rock 251 

 7.I.1.1. Effect of the specimen volume on peak stress and 

strain rate 

253 

 7.I.1.2. Mechanism for increase in the strength of the rocks 

under dynamic loads 

254 

 
7.I.1.3. Variation of energy absorbed by the specimens with 

respect to slenderness ratio and volume of the specimens 

255 

7.I.2 Calibration of Numerical Model with Experimental Results 

for SHPB Test on Phyllite Rock 

255 

7.I.3 Conclusions 257 

 

Part II 

 

Dynamic Characterisation of Gneiss 

 

268 

7.II.1 Dynamic Tests on Gneiss Rock 268 

 7.II.1.1. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.2 

268 

   



xi 

 

CHAPTER TITLE PAGE NO. 
   

 7.II.1.2. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.3 

269 

 7.II.1.3. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.5 

269 

 7.II.1.4. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.2 

270 

 7.II.1.5. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.3 

270 

 7.II.1.6. Effect of the volume of the specimens on peak 

stress and strain rate 

270 

 7.II.1.7. Mechanism for increase in the strength of the rocks 

under dynamic loads 

271 

 7.II.1.8. Variation of energy absorbed by the specimens 

with respect to slenderness ratio and volume of the 

specimens 

273 

7.II.2 Calibration of Numerical Model with SHPB Test Results 

on Gneiss Rock 

274 

7.III.3 Conclusions 274 

 

Part III 

 

Dynamic Characterisation of Quartzite 

 

287 

7.III.1 Dynamic Tests on Quartzite Rock 287 

 7.III.1.1. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.2 

287 

 7.III.1.2. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.3 

288 

 7.III.1.3. Diameter of the specimen (ds) = 54 mm, 

Slenderness ratio (ls/ds) = 0.5 

289 

 7.III.1.4. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.2 

289 

 7.III.1.5. Diameter of the specimen (ds) = 76 mm, 

Slenderness ratio (ls/ds) = 0.3 

289 

 7.III.1.6. Effect of the volume of the specimens on peak 

stress and strain rate 

289 

 7.III.1.7. Mechanism for increase in the strength of the 

rocks under dynamic loads 

290 

 7.III.1.8. Variation of energy absorbed by the specimens 

with respect to slenderness ratio and volume of the 

specimens 

291 

7.III.2 Calibration of Numerical Model with Experimental Results 

for SHPB Tests on Quartzite Rock Specimens 

292 

7.III.3 Conclusions 293 



xii 

 

CHAPTER TITLE PAGE NO. 
 

Chapter 8 

 

Application of Calibrated JH-2 Parameters to Blast 
Analysis of Tunnels in Different Rocks 

 

306 

8.1 Development of 3D Finite Element Model for Blast 

Analysis of Tunnel 
306 

8.2 Validation for Blast Analysis of the Tunnels 308 

8.3 Application of the Determined Rock Parameters from JH-2 

Model in Blast Analysis of the Tunnels 
309 

 8.3.1. Igneous Rocks 309 

 8.3.2. Sedimentary Rocks 311 

 8.3.3. Metamorphic Rocks 312 

8.4 Parametric Study on Blast Analysis of Tunnels 314 

 8.4.1. Blast Analysis in Granite Rock 315 

 8.4.2. Blast Analysis in Limestone Rock 316 

 8.4.3. Blast Analysis in Phyllite Rock 317 

 
Chapter 9 

 
Summary and Concluding Remarks 

 

342 

9.1 Summary 342 

9.2 Conclusions 344 

9.3 Future Scope of Work 347 

 
 

 

Appendix 
 

Appendix 1 High Strain Rate Response of Rocks under Dynamic 

Loading using Split Hopkinson Pressure Bar 

348 

Appendix 2 Characterization of Three Himalayan Rocks using a Split 

Hopkinson Pressure Bar  

388 

Appendix 3 High Strain Rate Characterization of Deccan Trap Rocks 

using SHPB Device 

411 

Appendix 4 Analytical Derivation of Axial Vibration Response of 

Prismatic and Non-Prismatic Rods Using Finite Element 

(FE) Formulation 

442 

 
 

 
References 

 

476 

 List of Publications 501 

 Biography  

   

 

  



xiii 

 

LIST OF TABLES 
 

TABLE CAPTION PAGE NO. 
 

1.1 

 

Specimens prepared for dry sand by various scientists for SHPB 

tests. 

 

33 

1.2 SHPB bar diameters and specimen sizes used in different tests. 34 

3.1 Correlation equations proposed in the literature for different 

kinds of rock. 

95 

3.2 Location of rock blocks collected, their mineral content and 

mineral hardness. 

96 

3.3 Physical and static properties of ten different types of rocks. 97 

5.I.1 Dynamic properties of basalt (ds = 54 mm, ls/ds = 0.2). 133 

5.I.2 Dynamic properties of basalt (ds = 54 mm, ls/ds = 0.3). 133 

5.I.3 Dynamic properties of basalt (ds = 54 mm, ls/ds = 0.5). 133 

5.I.4 Dynamic properties of basalt (ds = 76 mm, ls/ds = 0.2). 134 

5.I.5 Dynamic properties of basalt (ds = 76 mm, ls/ds = 0.3). 134 

5.I.6 Comparison of dynamic properties of basalt with varying 

slenderness ratio. 

135 

5.I.7 Parameters for numerical simulation using JH-2 model. 136 

5.I.8 Parameters for numerical simulation using JH-2 model. 136 

5.I.9 Comparison of experimental and numerical results. 136 

5.II.1 Dynamic properties of volcanic breccia (ds = 54 mm, ls/ds = 0.2). 147 

5.II.2 Dynamic properties of volcanic breccia (ds = 54 mm, ls/ds = 0.3). 147 

5.II.3 Dynamic properties of volcanic breccia (ds = 54 mm, ls/ds = 0.5). 147 

5.II.4 Dynamic properties of volcanic breccia (ds = 76 mm, ls/ds = 0.2). 148 

5.II.5 Dynamic properties of volcanic breccia (ds = 76 mm, ls/ds = 0.3). 148 

5.II.6 Comparison of dynamic properties of volcanic breccia with 

varying slenderness ratio. 

149 

5.II.7 Parameters for numerical simulation using JH-2 model. 150 

5.II.8 Parameters for numerical simulation using JH-2 model. 150 

5.II.9 Comparison of experimental and numerical results. 150 

5.III.1 Dynamic properties of granite (ds = 54 mm, ls/ds = 0.2). 169 

5.III.2 Dynamic properties of granite (ds = 54 mm, ls/ds = 0.3). 169 

5.III.3 Dynamic properties of granite (ds = 54 mm, ls/ds = 0.5). 169 

5.III.4 Dynamic properties of granite (ds = 76 mm, ls/ds = 0.2). 170 

5.III.5 Dynamic properties of granite (ds = 76 mm, ls/ds = 0.3). 170 

5.III.6 Comparison of dynamic properties of granite with varying 

slenderness ratio. 

171 

5.III.7 Parameters for numerical simulation using JH-2 model. 172 

5.III.8 Numerical simulation parameters for 54-0.5 specimens by using 

JH-2 model. 

172 

   



xiv 

 

 
TABLE 

 
CAPTION 

 
PAGE NO. 

 

5.III.9 

 

Numerical simulation parameters for various specimen sizes with 

228.6 mm striker bar length (yielded highest strain rate) and 0.31 

MPa gas gun pressures using JH-2 model. 

 

172 

5.III.10 Comparison of experimental and numerical results for 54-0.5 

specimens. 

173 

5.III.11 Comparison of experimental and numerical results with 228.6 

mm striker bar length (yielded highest strain rate) and 0.31 MPa 

gas gun pressures. 

173 

5.IV.1 Physical and mechanical properties of metadolerite. 186 

5.IV.2 Comparison of dynamic properties of metadolerite with varying 

slenderness ratio. 

187 

6.I.1 Dynamic properties of sandstone (ds = 54 mm, ls/ds = 0.2). 196 

6.I.2 Dynamic properties of sandstone (ds = 54 mm, ls/ds = 0.3). 196 

6.I.3 Dynamic properties of sandstone (ds = 54 mm, ls/ds = 0.5). 196 

6.I.4 Dynamic properties of sandstone (ds = 76 mm, ls/ds = 0.2). 197 

6.I.5 Dynamic properties of sandstone (ds = 76 mm, ls/ds = 0.3). 197 

6.I.6 Comparison of dynamic properties of sandstone with varying 

slenderness ratio. 

198 

6.I.7 Parameters for numerical simulation using JH-2 model. 199 

6.I.8 Parameters for numerical simulation using JH-2 model. 199 

6.I.9 Comparison of experimental and numerical results. 200 

6.II.1 Dynamic properties of limestone (ds = 54 mm, ls/ds = 0.2). 216 

6.II.2 Dynamic properties of limestone (ds = 54 mm, ls/ds = 0.3). 216 

6.II.3 Dynamic properties of limestone (ds = 54 mm, ls/ds = 0.5). 217 

6.II.4 Dynamic properties of limestone (ds = 76 mm, ls/ds = 0.2). 217 

6.II.5 Dynamic properties of limestone (ds = 76 mm, ls/ds = 0.3). 217 

6.II.6 Comparison of dynamic properties of limestone with varying 

slenderness ratio. 
218 

6.II.7 Parameters for numerical simulation using JH-2 model. 219 

6.II.8 Numerical simulation parameters for 54-0.2 specimens by using 

JH-2 model. 

219 

6.II.9 Numerical simulation parameters for various specimen sizes with 

228.6 mm striker bar length (yielded highest strain rate) and 0.24 

MPa gas gun pressures using JH-2 model. 

219 

6.II.10 Comparison of experimental and numerical simulation results for 

54-0.2 specimens. 

220 

6.II.11 Comparison of experimental and numerical simulation results 

with 228.6 mm striker bar length (yielded highest strain rate) and 

0.24 MPa gas gun pressures. 

220 

6.III.1 Dynamic properties of dolomite (ds = 54 mm, ls/ds = 0.2). 238 

6.III.2 Dynamic properties of dolomite (ds = 54 mm, ls/ds = 0.3). 238 

6.III.3 Dynamic properties of dolomite (ds = 54 mm, ls/ds = 0.5). 239 



xv 

 

TABLE CAPTION PAGE NO. 
 

6.III.4 
 

Dynamic properties of dolomite (ds = 76 mm, ls/ds = 0.2). 

 

239 

6.III.5 Dynamic properties of dolomite (ds = 76 mm, ls/ds = 0.3). 239 

6.III.6 Comparison of dynamic properties of dolomite with varying 

slenderness ratio. 

240 

6.III.7 Calculated numerical simulation parameters from experimental 

results/literature for 54-0.2 specimens by using JH-2 model. 

241 

6.III.8 Calibrated numerical simulation parameters for 54-0.2 specimens 

by using JH-2 model. 

241 

6.III.9 Comparison of experimental and numerical results for 54-0.2 

specimens. 

241 

7.I.1 Dynamic properties of phyllite (ds = 54 mm, ls/ds = 0.2). 259 

7.I.2 Dynamic properties of phyllite (ds = 54 mm, ls/ds = 0.3). 259 

7.I.3 Dynamic properties of phyllite (ds = 54 mm, ls/ds = 0.5). 260 

7.I.4 Dynamic properties of phyllite (ds = 76 mm, ls/ds = 0.2). 260 

7.I.5 Dynamic properties of phyllite (ds = 76 mm, ls/ds = 0.3). 260 

7.I.6 Comparison of dynamic properties of phyllite with varying 

slenderness ratio. 

261 

7.I.7 Parameters for numerical simulation using JH-2 model. 262 

7.I.8 Numerical simulation parameters for 76-0.2 specimens by using 

JH-2 model. 

262 

7.I.9 Numerical simulation parameters for various specimen sizes with 

228.6 mm striker bar length (yielded highest strain rate) and 0.24 

MPa gas gun pressures using JH-2 model. 

262 

7.I.10 Comparison of experimental and numerical results for 76-0.2 

specimens. 

263 

7.I.11 Comparison of experimental and numerical results with 228.6 

mm striker bar length (yielded highest strain rate) and 0.24 MPa 

gas gun pressures. 

263 

7.II.1 Dynamic properties of gneiss (ds = 54 mm, ls/ds = 0.2). 276 

7.II.2 Dynamic properties of gneiss (ds = 54 mm, ls/ds = 0.3). 276 

7.II.3 Dynamic properties of gneiss (ds = 54 mm, ls/ds = 0.5). 277 

7.II.4 Dynamic properties of gneiss (ds = 76 mm, ls/ds = 0.2). 277 

7.II.5 Dynamic properties of gneiss (ds = 76 mm, ls/ds = 0.3). 277 

7.II.6 Comparison of dynamic properties of gneiss with varying 

slenderness ratio. 
278 

7.II.7 Parameters for numerical simulation using JH-2 model. 279 

7.II.8 Parameters for numerical simulation using JH-2 model. 279 

7.II.9 Comparison of experimental and numerical results. 279 

7.III.1 Dynamic properties of quartzite (ds = 54 mm, ls/ds = 0.2). 295 

7.III.2 Dynamic properties of quartzite (ds = 54 mm, ls/ds = 0.3). 295 

7.III.3 Dynamic properties of quartzite (ds = 54 mm, ls/ds = 0.5). 297 

7.III.4 Dynamic properties of quartzite (ds = 76 mm, ls/ds = 0.2). 297 



xvi 

 

TABLE CAPTION PAGE NO. 
 

7.III.5 
 

Dynamic properties of quartzite (ds = 76 mm, ls/ds = 0.3). 

 

297 

7.III.6 Comparison of dynamic properties of quartzite with varying 

slenderness ratio. 
297 

7.III.7 Parameters for numerical simulation using JH-2 model. 298 

7.III.8 Parameters for numerical simulation using JH-2 model. 298 

7.III.9 Comparison of experimental and numerical results. 298 

8.1 JH-2 calibrated parameter for the recommended specimen size 

with a particular loading case with 228.6 mm striker bar length 

(yielded highest strain rate) and 0.24 MPa gas gun pressures that 

has been applied to the rock domain for the blast analysis of the 

tunnel. 

340 

8.2 Maximum displacement, d (mm) at various locations in the 

tunnel subjected to 20 kg TNT blast load. 

340 

8.3 Maximum stress generated, σp (MPa) at various locations in the 

tunnel subjected to 20 kg TNT blast load. 

341 

9.1 Recommended specimen size and proposed correlation equations 

for different types of rocks. 

345 

9.2 Deere-Miller rock mass classification based on dynamic 

characterization for recommended specimen size. 

 

347 

 

  



xvii 

 

 LIST OF FIGURES 
 
FIGURE CAPTION PAGE NO. 

 

1.1 

 

Experimental techniques available for different strain rate 

regime. 

 

35 

 

1.2 Stress-strain response of different dry sands tested by various 

scientists and researchers using SHPB device. 

35 

2.1 Uniaxial compressive testing machine in Rock Engineering 

Laboratory, IIT Delhi. 

71 

2.2 SHPB setup in Indian Institute of Technology (IIT) Delhi, India 

and its schematic diagram. 

71 

2.3 Stress wave reflection at a free surface. 72 

2.4 Transmission of compressive and tensile wave front. 72 

2.5 Propagation of stress wave in solid bar. 72 

2.6 Stress wavefront causing particle velocity increment. 73 

2.7 (a) Reflection and transmission at an interface between 

dissimilar materials (constant cross-section). 

73 

2.7 (b) Reflection and transmission at an interface between 

dissimilar materials (varying cross-section). 

73 

2.8 Schematic diagram for design of split Hopkinson pressure bar. 74 

2.9 Pochhammer - Chree solution for wave dispersion (υ = 0.29). 75 

2.10 Diameter of the bars of SHPB device at Indian Institute of 

Technology (IIT) Delhi. 

75 

2.11 Wave dispersion in the incident bar with trapezoidal pulse (One 

end fixed). 

75 

2.12 Length of the bars of SHPB device at Indian Institute of 

Technology (IIT) Delhi. 

76 

2.13 Schematic diagram of a gas gun. 76 

3.1 Test Plan for physical, petrological and static tests. 98 

3.2 Collection of rock blocks from different parts of India. 98 

3.3 Setup for uniaxial compressive test and Brazilian test in Indian 

Institute of Technology (IIT) Delhi, India. 

99 

3.4 Images of specimen for uniaxial compressive tests. 100 

3.5 Petrological characterisation of igneous rock specimens by 

scanning electron microscope. 

101 

3.6 
Petrological characterisation of igneous rock specimens by X-ray 

diffraction technique. 

102 

3.7 Petrological characterisation of sedimentary rock specimens by 

scanning electron microscope. 

103 

3.8 Petrological characterisation of sedimentary rock specimens by 

X-ray diffraction technique. 

104 

3.9 Petrological characterisation of metamorphic rock specimens by 

scanning electron microscope. 

105 



xviii 

 

FIGURE CAPTION PAGE NO. 
   

3.10 Petrological characterisation of metamorphic rock specimens by 

X-ray diffraction technique. 

106 

3.11 (a) Static uniaxial compressive stress-strain response curve for 

ten different types of rock. 

107 

3.11 (b) Comparison of static uniaxial compressive stress-strain 

response obtained in the present study with the data available in 

the literature. 

108 

3.12 Correlation equations proposed: (a) Uniaxial compressive 

strength (σc) with density (ρ), (b) Uniaxial compressive strength 

(σc) with Young's modulus (Et), (c) Uniaxial compressive 

strength (σc) with Brazilian tensile strength (σt), (d) Uniaxial 

compressive strength (σc) with hardness (Hr), Uniaxial 

compressive strength (σc) with Primary wave speed (vp) and 

Brazilian tensile strength (σt) with Primary wave speed (vp) of the 

specimens.  

109 

3.13 Comparison of correlation equations proposed in the present 

study with the correlation equations proposed in the literature: (a) 

Uniaxial compressive strength (σc) with Young's modulus (Et), 

(b) Uniaxial compressive strength (σc) with Brazilian tensile 

strength (σt) and (c) Uniaxial compressive strength (σc) with 

Primary wave speed (vp). 

110 

3.14 Classification of rocks tested in the present study with Deere-

Miller rock mass classification system (1966). 

111 

4.1 (a) SHPB setup in Indian Institute of Technology (IIT) Delhi, 

India and its schematic diagram; (b1) Incident pulse for varying 

striker bars at constant pressure of 0.24 MPa, (b2) Incident pulse 

for varying striker bars with varying gas gun pressures.  

121 

4.2 (a) FE model of SHPB with sample sandwiched in between the 

bars in LS-DYNA, (b) Force equilibrium achieved in the 

specimen. 

122 

5.I.1 Waveforms, force equilibrium graphs and fragmentation of tested 

specimens with striker bar length = 457.2 mm and pressure 

applied = 0.24 MPa: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 mm, 

ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 0.2,  

(e) ds = 76 mm, ls/ds = 0.3. 

137 

5.I.2 Stress-strain response curves of basalt (ds = 54 mm, ls/ds = 0.2). 138 

5.I.3 Stress-strain response curves of basalt (ds = 54 mm, ls/ds = 0.3). 138 

5.I.4 Stress-strain response curves of basalt (ds = 54 mm, ls/ds = 0.5). 138 

5.I.5 Stress-strain response curves of basalt (ds = 76 mm, ls/ds = 0.2). 139 

5.I.6 Stress-strain response curves of basalt (ds = 76 mm, ls/ds = 0.3). 139 

   



xix 

 

FIGURE CAPTION PAGE NO. 
   

5.I.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

139 

5.I.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

140 

5.I.9 Numerical simulation of the tests conducted for ds = 76 mm, ls/ds 

= 0.3 by varying the striker bar length. 

140 

5.II.1 Waveforms, force equilibrium graphs and images of fragmented 

tested specimens with striker bar length = 457.2 mm and pressure 

applied = 0.20 MPa for: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 

mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 

0.2, (e) ds = 76 mm, ls/ds = 0.3. 

151 

5.II.2 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate of volcanic breccia (ds = 54 mm, ls/ds = 0.2). 

152 

5.II.3 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate of volcanic breccia (ds = 54 mm, ls/ds = 0.3). 

153 

5.II.4 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate of volcanic breccia (ds = 54 mm, ls/ds = 0.5). 

154 

5.II.5 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate of volcanic breccia (ds = 76 mm, ls/ds = 0.2). 

155 

5.II.6 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate of volcanic breccia (ds = 76 mm, ls/ds = 0.3). 

156 

5.II.7 Dynamic increase factor ~ velocity graphs for each specimen 

size. 

157 

5.II.8 Variation of energy absorbed by each specimen size. 157 

5.II.9 Numerical simulation of the tests conducted for ds = 76 mm, ls/ds 

= 0.2 by varying the striker bar length. 

157 

5.III.1 Waveforms, force equilibrium graphs and fragmentation of tested 

specimens with striker bar length = 304.8 mm and pressure 

applied = 0.31 MPa: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 mm, 

ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 0.2,  

(e) ds = 76 mm, ls/ds = 0.3. 

174 

5.III.2 (a) Stress-strain response curves and (b) Peak stress-strain rate 

response of ds = 54 mm, ls/ds = 0.2 granite specimens. 

175 

5.III.3 (a) Stress-strain response curves and (b) Peak stress-strain rate 

response of ds = 54 mm, ls/ds = 0.3 granite specimens. 

176 

5.III.4 (a) Stress-strain response curves and (b) Peak stress-strain rate 

response of ds = 54 mm, ls/ds = 0.5 granite specimens. 

177 

5.III.5 (a) Stress-strain response curves and (b) Peak stress-strain rate 

response of ds = 76 mm, ls/ds = 0.2 granite specimens. 

178 

5.III.6 (a) Stress-strain response curves and (b) Peak stress-strain rate 

response of ds = 76 mm, ls/ds = 0.3 granite specimens. 

179 



xx 

 

FIGURE CAPTION PAGE NO. 
   

5.III.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

180 

5.III.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

180 

5.III.9 Numerical simulation of the tests conducted for (a) ds = 54 mm, 

ls/ds = 0.5 by varying the striker bar length and at constant gas 

gun pressure of 0.24 MPa, (b) all specimen sizes with the striker 

bar length of 228.6 MPa and constant gas gun pressure of 0.31 

MPa. 

181 

5.IV.1 Stress-strain response curves of metadolerite. 188 

5.IV.2 Dynamic increase factor ~ velocity graphs for each slenderness 

ratio. 

188 

6.I.1 Waveforms, force equilibrium and images of fragmented 

specimens for each slenderness ratio with striker bar length = 

457.2 mm and pressure applied = 0.24 MPa: (a) ds = 54 mm, ls/ds 

= 0.2, (b) ds = 54 mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) 

ds = 76 mm, ls/ds = 0.2, (e) ds = 76 mm, ls/ds = 0.3. 

201 

6.I.2 (a) Stress-strain response curves and (b) Peak stress vs strain rate 

response of sandstone, ds = 54 mm, ls/ds = 0.2 specimens. 

202 

6.I.3 (a) Stress-strain response curves and (b) Peak stress vs strain rate 

response of sandstone, ds = 54 mm, ls/ds = 0.3 specimens. 

203 

6.I.4 (a) Stress-strain response curves and (b) Peak stress vs strain rate 

response of sandstone, ds = 54 mm, ls/ds = 0.5 specimens. 

204 

6.I.5 (a) Stress-strain response curves and (b) Peak stress vs strain rate 

response of sandstone, ds = 76 mm, ls/ds = 0.2 specimens. 

205 

6.I.6 (a) Stress-strain response curves and (b) Peak stress vs strain rate 

response of sandstone, ds = 76 mm, ls/ds = 0.3 specimens. 

206 

6.I.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

207 

6.I.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

207 

6.I.9 Numerical simulation of the tests conducted for ds = 54 mm, ls/ds 

= 0.2 by varying the striker bar length. 

207 

6.II.1 Waveforms, force equilibrium graphs and fragmentation of tested 

specimens with striker bar length = 457.2 mm and pressure 

applied = 0.24 MPa: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 mm, 

ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 0.2,  

(e) ds = 76 mm, ls/ds = 0.3. 

221 

6.II.2 Stress-strain response curves of limestone (ds = 54 mm, ls/ds = 

0.2). 

222 

   



xxi 

 

FIGURE CAPTION PAGE NO. 
   

6.II.3 Stress-strain response curves of limestone (ds = 54 mm, ls/ds = 

0.3). 

223 

6.II.4 Stress-strain response curves of limestone (ds = 54 mm, ls/ds = 

0.5). 

224 

6.II.5 Stress-strain response curves of limestone (ds = 76 mm, ls/ds = 

0.2). 

225 

6.II.6 Stress-strain response curves of limestone (ds = 76 mm, ls/ds = 

0.3). 

226 

6.II.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

227 

6.II.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

227 

6.II.9 Numerical simulation of the tests conducted for (a) ds = 54 mm, 

ls/ds = 0.2 by varying the striker bar length and at constant gas 

gun pressure of 0.24 MPa, (b) all specimen sizes with the striker 

bar length of 228.6 MPa and constant gas gun pressure of 0.24 

MPa. 

228 

6.III.1 Waveforms, force equilibrium and images of fragmented tested 

specimens for each slenderness ratio with striker bar length = 

457.2 mm and pressure applied = 0.24 MPa: (a) ds = 54 mm, ls/ds 

= 0.2, (b) ds = 54 mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) 

ds = 76 mm, ls/ds = 0.2, (e) ds = 76 mm, ls/ds = 0.3. 

242 

6.III.2 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate and velocity of the striker bars of dolomite (ds = 54 

mm, ls/ds = 0.2). 

243 

6.III.3 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate and velocity of the striker bars of dolomite (ds = 54 

mm, ls/ds = 0.3). 

244 

6.III.4 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate and velocity of the striker bars of dolomite (ds = 54 

mm, ls/ds = 0.5). 

245 

6.III.5 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate and velocity of the striker bars of dolomite (ds = 76 

mm, ls/ds = 0.2). 

246 

6.III.6 (a) Stress-strain response curves, (b) Peak stress with respect to 

strain rate and velocity of the striker bars of dolomite (ds = 76 

mm, ls/ds = 0.3). 

247 

6.III.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

248 

6.III.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

248 



xxii 

 

FIGURE CAPTION PAGE NO. 
   

6.III.9 Numerical simulation of the tests conducted for ds = 54 mm, ls/ds 

= 0.2 by varying the striker bar length. 

249 

7.I.1 Waveforms, force equilibrium graphs and fragmentation of tested 

specimens with striker bar length = 457.2 mm and pressure 

applied = 0.24 MPa: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 mm, 

ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 0.2,  

(e) ds = 76 mm, ls/ds = 0.3. 

264 

7.I.2 Stress-strain response curves and Peak stress-strain rate response 

data points of phyllite: (a) ds = 54 mm, ls/ds = 0.2, (b) ds = 54 

mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) ds = 76 mm, ls/ds = 

0.2 and (e) ds = 76 mm, ls/ds = 0.3. 

265 

7.I.3 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

266 

7.I.4 Variation of energy absorbed by the specimens with slenderness 

ratios. 

267 

7.I.5 Numerical simulation of the tests conducted for (a) ds = 76 mm, 

ls/ds = 0.2 by varying the striker bar length with constant gas gun 

pressure of 0.24 MPa, and (b) All specimen sizes (54-0-2, 54-0.3, 

54-0.5, 76-0.2 and 76-0.3) with constant striker bar length of 

228.6 mm and constant gas gun pressure of 0.24 MPa. 

267 

7.II.1 Waveforms, force equilibrium and images of the fragmented 

specimen for each slenderness ratio with striker bar length = 

457.2 mm and pressure applied = 0.38 MPa: (a) ds = 54 mm, ls/ds 

= 0.2, (b) ds = 54 mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) 

ds = 76 mm, ls/ds = 0.2, (e) ds = 76 mm, ls/ds = 0.3. 

280 

7.II.2 (a) Stress-strain response curves, (b) Peak stress verses strain rate 

and striker bar velocity, and (c) Dynamic modulus verses strain 

rate and striker bar velocity of ds = 54 mm, ls/ds = 0.2 gneiss 

specimens. 

281 

7.II.3 (a) Stress-strain response curves, (b) Peak stress verses strain rate 

and striker bar velocity, and (c) Dynamic modulus verses strain 

rate and striker bar velocity of ds = 54 mm, ls/ds = 0.3 gneiss 

specimens. 

282 

7.II.4 (a) Stress-strain response curves, (b) Peak stress verses strain rate 

and striker bar velocity, and (c) Dynamic modulus verses strain 

rate and striker bar velocity of ds = 54 mm, ls/ds = 0.5 gneiss 

specimens. 

283 

7.II.5 (a) Stress-strain response curves, (b) Peak stress verses strain rate 

and striker bar velocity, and (c) Dynamic modulus verses strain 

rate and striker bar velocity of ds = 76 mm, ls/ds = 0.2 gneiss 

specimens. 

284 



xxiii 

 

FIGURE CAPTION PAGE NO. 
 (a)   

7.II.6 (a) Stress-strain response curves, (b) Peak stress verses strain rate 

and striker bar velocity, and (c) Dynamic modulus verses strain 

rate and striker bar velocity of ds = 76 mm, ls/ds = 0.3 gneiss 

specimens. 

285 

7.II.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

286 

7.II.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

286 

7.II.9 Numerical simulation of the tests conducted for ds = 54 mm, ls/ds 

= 0.3 by varying the striker bar length. 

286 

7.III.1 Waveforms, force equilibrium and images of fragmentated 

specimens for each slenderness ratio with striker bar length = 

457.2 mm and pressure applied = 0.38 MPa: (a) ds = 54 mm, ls/ds 

= 0.2, (b) ds = 54 mm, ls/ds = 0.3, (c) ds = 54 mm, ls/ds = 0.5, (d) 

ds = 76 mm, ls/ds = 0.2, (e) ds = 76 mm, ls/ds = 0.3. 

299 

7.III.2 Stress-strain response curves of quartzite (ds = 54 mm, ls/ds = 

0.2). 

300 

7.III.3 Stress-strain response curves of quartzite (ds = 54 mm, ls/ds = 

0.3). 

301 

7.III.4 Stress-strain response curves of quartzite (ds = 54 mm, ls/ds = 

0.5). 

302 

7.III.5 Stress-strain response curves of quartzite (ds = 76 mm, ls/ds = 

0.2). 

303 

7.III.6 Stress-strain response curves of quartzite (ds = 76 mm, ls/ds = 

0.3). 

304 

7.III.7 Dynamic increase factor ~ velocity graphs for each slenderness 

ratios. 

304 

7.III.8 Variation of energy absorbed by the specimens with slenderness 

ratios. 

305 

7.III.9 Numerical simulation of the tests conducted for ds = 54 mm, ls/ds 

= 0.5 by varying the striker bar length. 

305 

8.1 (a) Meshed configuration of tunnel showing boundary 

conditions, (b) Inner surface of the tunnel lining material, (c) 3D 

model of the reinforcements in tunnel lining (RCC) and (d) 

Pressure-time history for 20 kg TNT at 2.8 m radial distance 

(UFC 3-340-02). 

318 

8.2 Validation of vertical displacement in quartzite rock from crown 

to ground level with JH-2 model parameters and pressure pulse 

of 50 kg TNT explosive at 2.8 m radial distance (Tiwari et al. 

2016). 

319 

8.3 Path for visualization of response. 319 



xxiv 

 

FIGURE CAPTION PAGE NO. 
   

8.4 Basalt: (a) Vertical displacement of rock from crown to ground, 

(b) Displacement of rock on ground perpendicular to the tunnel 

axis and (c) Vertical displacement in the tunnel crown in lining, 

in rock and on ground, (d) Inward displacement of tunnel side 

wall in rock and lining for 20 kg TNT charge weight pressure. 

320 

8.5 Basalt: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

321 

8.6 Basalt: Displacement and stress deformation contours in (a) 

Basalt rock and (b) Concrete lining. 

321 

8.7 Volcanic Breccia: (a) Vertical displacement of rock from crown 

to ground, (b) Displacement of rock on ground perpendicular to 

the tunnel axis and (c) Vertical displacement in the tunnel crown 

in lining, in rock and on ground, (d) Inward displacement of 

tunnel side wall in rock and lining for 20 kg TNT charge weight 

pressure. 

322 

8.8 Volcanic Breccia: Hoop stress generated at (a) Tunnel crown in 

rock and lining, (b) Tunnel sidewall in rock and lining. 

323 

8.9 Volcanic Breccia: Displacement and stress deformation contours 

in (a) Volcanic breccia rock and (b) Concrete lining. 

323 

8.10 Granite: (a) Vertical displacement of rock from crown to ground, 

(b) Displacement of rock on ground perpendicular to the tunnel 

axis and (c) Vertical displacement in the tunnel crown in lining, 

in rock and in ground, (d) Inward displacement of tunnel side 

wall in rock and lining for 20 kg TNT charge weight pressure. 

324 

8.11 Granite: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

325 

8.12 Granite: Displacement and stress deformation contours in (a) 

Granite rock and (b) Concrete lining. 

325 

8.13 Sandstone: (a) Vertical displacement of rock from crown to 

ground, (b) Displacement of rock on ground perpendicular to the 

tunnel axis and (c) Vertical displacement in the tunnel crown in 

lining, in rock and in ground, (d) Inward displacement of tunnel 

side wall in rock and lining for 20 kg TNT charge weight 

pressure. 

326 

8.14 Sandstone: Hoop stress generated at (a) Tunnel crown in rock 

and lining, (b) Tunnel sidewall in rock and lining. 

327 

8.15 Sandstone: Displacement and stress deformation contours in (a) 

Sandstone rock and (b) Concrete lining. 

327 

   

   

   



xxv 

 

FIGURE CAPTION PAGE NO. 
   

8.16 Limestone: (a) Vertical displacement of rock from crown to 

ground, (b) Displacement of rock on ground perpendicular to the 

tunnel axis and (c) Vertical displacement in the tunnel crown in 

lining, in rock and in ground, (d) Inward displacement of tunnel 

side wall in rock and lining for 20 kg TNT charge weight 

pressure. 

328 

8.17 Limestone: Hoop stress generated at (a) Tunnel crown in rock 

and lining, (b) Tunnel sidewall in rock and lining. 

329 

8.18 Limestone: Displacement and stress deformation contours in (a) 

Limestone rock and (b) Concrete lining. 

329 

8.19 Dolomite: (a) Vertical displacement of rock from crown to 

ground, (b) Displacement of rock on ground perpendicular to the 

tunnel axis and (c) Vertical displacement in the tunnel crown in 

lining, in rock and in ground, (d) Inward displacement of tunnel 

side wall in rock and lining for 20 kg TNT charge weight 

pressure. 

330 

8.20 Dolomite: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

331 

8.21 Dolomite: Displacement and stress deformation contours in (a) 

Dolomite rock and (b) Concrete lining. 

331 

8.22 Phyllite: (a) Vertical displacement of rock from crown to ground,  

(b) Displacement of rock on ground perpendicular to the tunnel 

axis and (c) Vertical displacement in the tunnel crown in lining, 

in rock and in ground, (d) Inward displacement of tunnel side 

wall in rock and lining for 20 kg TNT charge weight pressure. 

332 

8.23 Phyllite: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

333 

8.24 Phyllite: Displacement and stress deformation contours in (a) 

Dolomite rock and (b) Concrete lining. 

333 

8.25 Gneiss: (a) Vertical displacement of rock from crown to ground, 

(b) Displacement of rock on ground perpendicular to the tunnel 

axis and (c) Vertical displacement in the tunnel crown in lining, 

in rock and in ground, (d) Inward displacement of tunnel side 

wall in rock and lining for 20 kg TNT charge weight pressure. 

334 

8.26 Gneiss: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

335 

8.27 Gneiss: Displacement and stress deformation contours in (a) 

Gneiss rock and (b) Concrete lining. 

335 

   

   

   



xxvi 

 

FIGURE CAPTION PAGE NO. 
   

8.28 Quartzite: (a) Vertical displacement of rock from crown to 

ground, (b) Displacement of rock on ground perpendicular to the 

tunnel axis and (c) Vertical displacement in the tunnel crown in 

lining, in rock and in ground, (d) Inward displacement of tunnel 

side wall in rock and lining for 20 kg TNT charge weight 

pressure. 

336 

8.29 Quartzite: Hoop stress generated at (a) Tunnel crown in rock and 

lining, (b) Tunnel sidewall in rock and lining. 

337 

8.30 Quartzite: Displacement and stress deformation contours in (a) 

Quartzite rock and (b) Concrete lining. 

337 

8.31 Path for visualization of response. 338 

8.32 Granite: (a) Vertical displacement of rock, (b) Hoop stress 

generated in rock from crown to ground. 

338 

8.33 Limestone: (a) Vertical displacement, and (b) Hoop stress 

generated at various locations on rock. 

339 

8.34 Phyllite: (a) Vertical displacement, and (b) Hoop stress generated 

at various locations on rock. 

339 

9.1 Classification of rocks tested in the present study with Deere-

Miller rock mass classification system (1966). 

344 

9.2 Modification of Deere Miller rock mass classification system 

based on the dynamic characterization performed in the present 

study. 

346 

 


	SUNITA.pdf
	FinalThesis
	1.CoverPage1
	2.CoverPage2
	3.ThesisMain
	Chapter1
	Chapter2
	From Newton’s second law for the element gives
	Solving the above equations 2.5 and 2.6 gives
	For linear elastic bars, it yields

	Chapter3
	StaticPaper
	StaticTables
	StaticFigures

	Chapter4
	Chapter5
	PartI
	PartITableBasalt
	PartIFigureBasalt
	PartII
	PartIIFigure
	PartIII
	PartIIITable
	PartIIIFigure
	PartIV
	PartIVFigure

	Chapter6
	PartI
	PartIFigure
	PartII
	PartIITable
	PartIIFigure
	PartIII
	PartIIIFigure

	Chapter7
	PartI
	PartITable
	PartIFigure
	PartII
	PartIITable
	PartIIFigure
	PartIII
	PartIIITable
	PartIIIFigure

	Chapter8
	Chapter9

	4.Appendix
	A1
	MainSHPBR1
	Tyrell, G. W. (1978). “The Principles of Petrology: An Introduction to the Science of Rocks.” Chapman and Hall Ltd., Springer.

	TablesSHPB
	FiguresSHPBR1

	A2
	SHPBRockManuscript
	SHPBRockTable
	SHPBRockFigures

	A3
	SHPBManuscriptUS2015
	SHPBFigureUS2015

	A4
	A simple theory for the longitudinal vibration of bars based on the following assumptions
	The equation of motion is derived using two approaches
	A4.1.1. Using Newton’s Second Law of Motion
	A4.1.2. Using Hamilton’s Principle
	A4.1.3. Free Vibration Solution and Natural Frequencies
	For uniform bars
	Solution Using Separation of Variables
	The common boundary conditions of the bar are as follows. For the fixed end
	For the free end
	A4.2. FOR A FIXED- FREE END CONDITION OF THE BAR
	Figure A4.2 presents the fixed-free end condition of the bar.
	Boundary Conditions
	Frequency equation
	Natural frequencies of vibration
	Mode shapes
	A4.3. FINITE ELEMENT FORMULATION FOR PRISMATIC ROD
	E is the modulus of elasticity
	A4.3.1. Example 1 - Free-Free Rod, Finite Element Model, Two Elements
	Figure A4.4 presents the example problem for free-free rod, finite element model, two elements. The rod has length L. It consists of two elements and three nodes. Constant mass and stiffness are assumed. Each element has an equal length.
	The boundary conditions are
	A4.3.2. Abaqus® Validation
	Conclusion
	A4.4. FINITE ELEMENT FORMULATION FOR NON-PRISMATIC ROD
	The longitudinal displacement u(x,t) is governed by the equation
	Separating the variables, Let
	Changing the partial derivatives to ordinary derivatives
	The spatial equation is
	Considering a fixed-free rod, the boundary conditions are
	The boundary conditions require
	The boundary conditions are applied to the above equation. The result is
	The slope equation is
	The essence of the Galerkin method is that the test function is chosen as
	The first stiffness matrix is
	The second stiffness matrix is
	The combined stiffness matrix is
	The second mass matrix is
	The combined mass matrix is
	A4.4.1. Example – Fixed Free Rod with AL = 0
	Table A4.1: Free - free rod, natural frequencies.
	Table A4.2: Free - free rod, displacement Eigenvectors with arbitrary scale.
	With E = 210 × 109 Pa, A = 1 m2 and ρ = 7850 kg/m3; this gives m = 7850 kg
	Figure A4.1: Non - prismatic cross-section of a rod.
	Figure A4.2: Fixed-free end condition of the bar.
	Figure A4.3 Thin prismatic rod.
	Figure A4.4: Free-free rod, finite element model, two elements.
	Figure A4.6: Mode shape 1.
	Figure A4.7: Mode shape 2.
	Figure A4.8: Mode shape 3 for a 2-node element.
	Figure A4.9: Mode shape 3 for a 3-node element.
	Figure A4.10: Mode shape 3 for a 4-node element.
	Figure A4.11: Mode shape 3 for a 10-node element.
	Figure A4.12: Mode shape 3 for a 20-node element.
	Figure A4.13: Mode shape 3 for a 100-node element.
	Figure A4.14: Thin tapered rod.
	Figure A4.15: Fixed free rod with AL = 0.


	5.References
	6.ListofPublications
	7.Resume_SunitaMishra





