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ABSTRACT 

 

The underground structures are considered to be comparatively safe under the action of 

dynamic loads and hence the effect of seismic loads are hardly considered. The presence of 

discontinuity increases the complexity in the behaviour of the rock under dynamic loading, 

especially joints, which are very common in the field. Present study attempts to understand the 

effect of stress waves propagating through jointed rocks. The first part of the study focuses on 

the wave propagation through single and multiple joints. The second part of the study focuses 

on the performance of unsupported tunnels under the action of seismic loads. These 

underground structures are mostly supported by one or more support systems. And the 

behaviour of these support systems under the action of seismic load comprises the third and 

last part of the study. 

Most of the previous studies focussed on the transmission and reflection coefficient of the 

propagating wave. The current study is aimed to understand the variation in wave velocity 

according to different joint conditions. Experimental studies aided with numerical methods are 

adopted. The experimental program consists of low strain ultrasonic pulse velocity tests on 

laboratory prepared gypsum samples. Rock samples with various joint configurations namely 

joint angle, joint spacing and joint roughness are studied. The joint angle is found to influence 

the wave velocity and for a certain range of incidence angle, it increases. The increase in the 

joint roughness tends to reduce the wave velocity. This study is limited to high frequency 

ranges and a numerical model based on distinct element method (DEM) is developed to extend 

for other frequencies. The DEM model is systematically validated with laboratory studies. The 

increase in wave velocity after certain joint angle was prominent in case of relatively high and 

low frequencies. Also, the size of the block used for the study, the position of the joint in the 

block, the number of joints and joint spacings are found to have considerable influence on the 

wave velocity. Empirical relationships are proposed based on the results to predict longitudinal 

wave velocity in jointed rock mass with respect to intact wave velocity. 

To understand the behaviour of unsupported jointed rock tunnel under seismic loading, a 

case study of Lucky Friday mine is analysed on a laboratory scale model. The scaled 1985 

Mexican earthquake is provided as the seismic input. The tunnel deformations are studied and 

compared with that of static conditions. The study considers failures occurring due to joint slip 

and a parametric study is done to understand the effect of insitu stress, joint orientation, joint 
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stiffness and joint friction angle on the deformation and stability. The joint stiffness and joint 

friction angle are found to produce a pronounced effect on the tunnel deformation under 

seismic conditions. Moreover, certain joint angle combinations and wedge angles are found to 

create complete failure of the tunnel. Investigation with different lateral stress coefficients 

confirms that the shallow tunnels are more vulnerable under seismic loading. 

The response of tunnel support systems under earthquake conditions are important as they 

decide on the overall stability. For this, a study is conducted on the headrace tunnel of Tehri 

dam situated at seismic zone V and passing through jointed rockmass. Uttarkashi earthquake 

(1991, Mw=6.8) and Nepal earthquake (2015, Mw=8.1) are provided as seismic input, based on 

its location and magnitude respectively. The stresses and deformations acting on rockbolts and 

shotcrete as support systems individually and as a combined system are analysed. A detailed 

study on the force and deformation behaviour of each rockbolts placed around the tunnel is 

discussed. Rockbolts are found to undergo higher forces and deformation under the action of 

seismic loads with a visible effect on the bolts passing through joints. The study on shotcrete 

showed the presence of spalling and stress concentrations at areas of intersection between the 

support and rock joints. For a combined support system, a transfer of forces between the 

rockbolt and shotcrete can be observed. There is an increase in the stress concentration on the 

tunnel sidewalls along with the reduction of stresses on rockbolts passing through joints at 

shoulders. A parametric study is performed on the support systems to understand the effect of 

various joint parameters and incoming wave characteristics. The stress waves acting on the 

joints are found to produce a loosening effect in the rock mass leading to tunnel instability. The 

stability of underground openings under dynamic conditions is essential for its safe design, 

especially for the prediction of performance under seismic loading. The present study attempts 

to bring clarity and provide better insight into this important domain.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 GENERAL OVERVIEW 

The behaviour and response of rocks under the action of dynamic loads are broadly 

classified as the study area called rock dynamics. The dynamic loads acting on the rocks 

are considered as stress waves propagating through the rocks. The source of these stress 

waves might be blasting, earthquake, rockburst, airblast, pressure bumps or impact 

loadings. The study of rock dynamics deals with both the effect of stress waves and the 

process of wave transmission through the rocks which, may vary from micro-scale 

fracturing in the rock to large fault displacements. With the increasing dependence on 

rock structures in the urban environment for infrastructural development, mining or 

petroleum sectors, a need for standards of rock dynamic testing, design and practice 

was felt. This led to the establishment of a Commission on Rock Dynamics in 2008 by 

the International Society for Rock Mechanics (ISRM). The current study is inspired by 

the rigorous ongoing studies around the world in that direction. 

Rocks are never truly intact, and the presence of discontinuities are ubiquitous. The 

discontinuities may be in the form of fissures, microcracks, joints, bedding planes or 

faults. These discontinuities separate intact rock blocks in the field. The presence of 

any discontinuity produces significant ambiguity in the behaviour of rocks in both static 

and dynamic conditions. The stress waves according to its amplitude and strain rate also 

causes changes in the rock or displacements along the joints. The strain rate of most 

waves in rocks is comparatively low unless the rock is near to the source of the dynamic 

load. Thus these waves propagate as elastic waves through the rocks. Stress waves 

propagating in rocks undergo attenuation on the intersection with a discontinuity. These 

stress waves thus travelling as elastic waves along the rock on the joints undergo 

transmission, reflection and absorption. The percentage of wave transmitted, reflected 

and absorbed depended on whether the joints are welded, non-welded or open. Welded 

joints in most cases are so strong that their presence is usually nullified. Hence the stress 
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waves striking welded joints are fully transmitted. Open joints undergo full reflection, 

and no transmission takes place. The stress waves passing through non-welded joints 

are partially reflected and partially transmitted. The wave propagation pattern would be 

affected by the properties of the joint. These changes in wave propagation also affect 

the time required for the wave to travel through the joints and causing a change in its 

wave velocity. 

The construction of a tunnel in discontinuous rocks leads to the possibility of joint 

slip conditions. These tunnels which have chances of a potential slip in static conditions 

due to the presence of free blocks are likely to find an aggravated response under the 

action of dynamic loads. The understanding is essential with an increasing number of 

important and critical projects in major seismic zones. The stress waves acting on the 

joints or discontinuities are likely to produce a loosening effect or opening of the joints, 

especially near the excavations and underground structures. This leads to some 

associated problems regarding the response of tunnels and its support systems under 

the action of earthquake loads. The stability of openings under dynamic conditions is 

essential, even under the action of multiple earthquakes or other dynamic behaviour. 

The research area still being new with relatively fewer insights on rock dynamics 

behaviour, this study would attempt to bring more clarity and put light into this 

important subject. 

1.2 OBJECTIVES AND SCOPE 

This research mostly focuses on the seismic response of tunnels in jointed rocks. The 

aim is to understand the effect of joints on the wave propagation and effect of dynamic 

loading on tunnels in jointed rock and corresponding support systems. The main 

objectives are: 

1. To study the effect of rock joints and rock masses on wave propagation.  

2. To study the response of jointed rock tunnels and tunnel supports under earthquake 

load. 

The scopes of the study are, 

 Study the effect of rock joints, namely joint spacing, roughness and inclination 

on wave propagation using laboratory experiments. 
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 Develop a numerical model using distinct element method to capture the effect 

of wave propagation through joints and simulate the wave propagation in jointed 

rocks for different joint configurations. 

 Extend the applicability of the model for tunnels and study the effect of rock joint 

characteristics under the action of earthquake loads. 

 Numerical analysis of tunnel considering the interaction of rock supports with the 

surrounding rock mass under the action of earthquake loads. 

 

1.3 ORGANIZATION OF THE THESIS 

This thesis is organised into nine chapters, 

Chapter 1 presents the background to the area of study and the significance of the 

study along with the importance of understanding wave propagation through joints and 

various phenomena leading to the dynamic loading on joints. The chapter provides an 

insight into the thesis and its significance. A general overview of the thesis along with 

the scopes and objectives are provided. 

Chapter 2 focuses on the details of the literature available and the state of art 

description of the work. A review of work done analytically, experimentally and 

numerically to understand wave propagation has been provided. A study on the 

response of tunnels when acted upon by dynamic loading is also discussed. The effect 

of tunnels with and without supports and the performance of various support systems 

have also been discussed. 

Chapter 3 aims at understanding the behaviour of the wave, change in wave 

propagation and wave velocity for a laboratory study by ultrasonic pulse velocity test 

on samples of gypsum. Various joint configurations are studied to understand the 

behaviour of longitudinal waves with varying joint properties. 

Chapter 4 extends the laboratory experiments discussed in chapter 3 to numerical 

modelling using Universal Distinct Element Code (UDEC). The chapter attempts to 

understand the change in wave velocity with various joint and wave parameters like 

joint angle, joint roughness, block length, joint position and frequency. Empirical 

relationships are proposed for the prediction of wave velocity through the rock mass 

and presented. 
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Chapter 5 tries to understand rock joint behaviour under seismic wave history 

obtained from an actual earthquake. In this chapter, a scaled model study of Lucky 

Friday Mine is conducted to understand the performance of unsupported jointed rock 

tunnel with two sets of joints. The study is conducted numerically simulated to 

understand the effect of the same on joint slippage and tunnel failures with varying joint 

parameters and stress conditions. 

Chapter 6 tries to understand the behaviour of rockbolts as support system under the 

action of earthquake loads. The study uses the headrace tunnel from Tehri dam project. 

Uttarkashi (1991, Mw=6.8) and Nepal (2015, Mw= 8.1) earthquakes are being used for 

the study. This chapter focuses on the effect of these earthquakes on rockbolt as the 

tunnel support. A detailed study on the forces acting on each rockbolt is done to 

understand the effect of dynamic loading on it relative to its position in the tunnel. The 

effect of parameters like joint friction, bolt length, bolt diameter, frequency of the 

incoming wave, duration of loading and amplitude of loading on the performance of 

the rockbolts are also discussed. 

Chapter 7 extends chapter 6 by using shotcrete as the only support for the headrace 

tunnel in Tehri dam. The shotcrete deformations under the action of Uttarkashi and 

Nepal earthquakes is compared to its performance under static conditions. The forces 

acting on different parts of the shotcrete is used to understand the stress concentrations 

on the action of an earthquake load. The study is extended to understand the 

performance of the shotcrete with the change in various parameters, namely joint 

stiffness, shotcrete thickness, wave frequency, duration of loading and amplitude of 

loading. 

Chapter 8 attempts to understand the behaviour of a combined support system, 

namely rockbolts and shotcrete. With chapter 6 and chapter 7 focusing on the 

performance of rockbolt and shotcrete as individual support systems, in chapter 8, the 

combination is investigated under earthquake loads for the same case study of Tehri 

dam. A comparison is made for the change in forces, deformation and moments when 

the support systems are used individually and in combination. 

Chapter 9 gives a summary of the work done as a part of this thesis and the results 

obtained from the study. The major conclusions are provided with the scopes for future 

work. 



 

5 
 

1.4 MAJOR CONTRIBUTIONS FROM THE WORK 

The major contributions from this work can be divided into three main headings: 

 Effect of joints on wave propagation 

 Experimental study on the variation in the wave velocity with rock joints 

using ultrasonic pulse velocity test. 

 Confirming the adaptability of numerical models in the study of wave 

propagation through jointed rock mass. 

 Understanding the variation in wave velocity with various joint 

characteristics. 

 Comparison of wave velocity change for all frequency ranges. 

 Providing empirical relations to predict wave velocity through rock mass 

for different joint characteristics. 

 Performance of unsupported jointed rock tunnels under seismic loading. 

 Performance of support systems in jointed rock tunnels for earthquake loading. 

 Tunnel analysis with rockbolt - when the same is used as the only 

support system. 

 Tunnel analysis with shotcrete - when the same is used as the only 

support system. 

 Performance of rockbolt and shotcrete in jointed rock tunnels when used 

in combination. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 INTRODUCTION  

Rock dynamics is the study of responses of rocks and rock structures under the action 

of any dynamic load and is one of the most important areas of study in the field of rock 

mechanics (Aydan et al., 2011; Aydan, 2016; Zhou and Zhao, 2011). The action of 

dynamic load on rocks may be in the form of deformation, load/stress or fractures and 

failures which varies with time. Hence, the area of rock dynamics covers a wide range, 

varying from wave propagation through rocks to the effects of fault displacements. 

Among these, the effect of the dynamic load on rock discontinuity is very important, 

and the effect these joints under dynamic loads need to be understood.. The chapter 

gives an insight into the previous analytical, experimental and numerical studies 

conducted to understand wave propagation through rocks and rock joints. The detailed 

review tries to understand the response of tunnels under the action of various dynamic 

loads. The performance of tunnel supports under the action of dynamic loads are also 

studied and reviewed 

 

2.2 INTRODUCTION TO THE PROPAGATION OF STRESS WAVES 

The dynamic loads acting on a medium are represented as waves. The stress waves 

travel as body waves (Figure 2.1) and surface waves (Figure 2.2). Body waves mainly 

consist of primary wave or secondary wave. These waves pass through the medium 

under consideration. Whereas the surface wave consists of Rayleigh waves or Love 

waves, and they propagate near the surface of the medium under consideration. 

Primary waves are commonly known as P waves. They are also called compression 

waves because of the compressional force it imparts. The particles in the medium 

propagate along or opposite to the direction of wave propagation. Secondary waves are 

generally referred to as S waves.. The particles in the medium move perpendicular to 
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the direction of the wave, which induces a shearing force on the medium and causing 

distortion to the body. 

 

 

Figure 2.1: Propagation of P wave (Adapted and redrawn from Zhang, 2016) 

 

 

Figure 2.2: Propagation of S wave (Adapted and redrawn from Zhang, 2016) 

 

The action of the stress waves may be an effect of drilling, blasting, impact, 

earthquake, rockburst, airblast or bumps propagate through the rocks.  And the stress 

waves produced by the dynamic loads are classified as an elastic wave, plastic wave or 

shock wave according to the stress-strain relation it builds on the materials. If the strain 

acting on the medium is directly proportional to the stress acting on the medium, the 
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waves are known as elastic waves. But when the stress produced is more than the yield 

stress in the body and elastic-plastic deformation occurs, the waves are known as plastic 

waves. Explosion or blasting creates shock waves causing the particles to experience a 

very high strain in an infinitesimal duration. 

When these stress waves intersect a surface or discontinuity, the stresses undergo 

reflection, transmission, and absorption (Figure 2.3). This affects the wave propagation 

pattern, amplitude and the velocity of the wave. The problem faced by a rock mass on 

being intersected by a stress wave depends on the scale of analysis. This has been well 

explained by Zhao et al. (1999).  

In the micro-scale, the dynamic stress may induce particle displacements, micro 

cracking. While in a large scale, the dynamic stresses may be the cause of displacements 

along discontinuities. Sometimes, the micro-scale fracturing extending over long time 

induces large deformations and failure. Compared to the micro-scale, on a large scale, 

discontinuities contribute a significant role in wave propagation and attenuation. The 

stress waves incident on a joint gets reflected, transmitted and absorbed according to 

the joint under consideration. The various studies on the effect of wave propagation 

while passing through joints have been discussed in this chapter. The study has been 

extended to understand the effects of stress waves on underground structures and the 

tunnel support systems. 

 

2.3 WAVE PROPAGATION IN JOINTED ROCKS 

Dynamic loads create stress waves which move and exert forces at adjacent points. 

Speed of the stress wave is a constant for a medium while it is unperturbed by any 

disturbances. But waves, as they get intersected by a discontinuity or undergo a change 

in medium, gets scattered. The incident wave will be partly transmitted and partly 

reflected. Waves travelling through rock, governed by laws of linear elasticity are 

known as seismic waves, and the speed with which the wave propagates is known as 

seismic velocity. The speed with which these particles move is known as particle 

velocity, which is relatively very small compared to seismic velocity.  Although the 

elastic waves are often assumed to travel in a unidirectional manner, the coupling 

between different normal stress and strain due to Poisson's effect, causes the motion 

never to be truly one dimensional in the mathematical sense. Most studies on stress 
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wave propagation across joints are limited to the assumption that the joint may deform 

but does not get damaged. Several studies have been made using analytical, numerical 

and experimental methods on wave propagation across rocks. 
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Figure 2.3: Transmission and reflection of P wave and S wave at a discontinuity 

 

 

Figure 2.4: Typical rock dynamic problem in tunnels and caverns (Adapted and 

redrawn Zhao et al., 1999) 
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2.3.1 Analytical Studies 

In a continuous elastic medium, the equation of a one dimensional P wave propagation 

is given as Eq. 2.1 according to Jean D' Alembert (1747) 

2

2
2

2

2

x

u

t

u
p








         (Eq. 2.1) 

Where,  

u is the displacement, 

p is the P wave velocity,  

x is the distance and ; 

t is the time.  

The wave equation is also expressed in terms of particle velocity and strain as 

xt

v
p







 
 2       (Eq. 2.2) 

where, 
t

u
v




  and  

t

u




 .       

  

The change in wave velocity and transmission pattern are analysed by different 

analytical methods. The analytical techniques mostly used in wave propagation studies 

can be generally characterized as 

 Approximate Methods (Walsh, 1966; Miller, 1977; 1978) 

 Displacement Discontinuity Method (DDM) (Schoenberg, 1980; Pyrak-Nolte 

et al., 1990; Cai and Zhao, 2000; Perino et al., 2010) 

 Equivalent Medium Method (EMM)(Li et al., 2010; Fan et al., 2012; Zou et al., 

2016) 

 

Most research in the area of wave propagation through joints are analysed using 

DDM method. In DDM method, the stress along the joints is assumed to be continuous 

while the displacements are discontinuous. But, most of the early research in the field 

used approximate methods. Walsh (1966) reported that specific attenuation of waves in 
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rocks is because of two factors; (a) by assuming the cracks to be approximate elliptical 

slits in plane strain and; (b) relation for specific energy loss.  

Rock fractures have displacements as slip along the joints due to normal, and shear 

stresses acting on them, and the fracture surfaces are dominated by friction acting on 

them. By approximating this theory, Miller (1977) found that a large part of the energy 

is dissipated as frictional energy and that the frictional boundary stresses are nonlinear. 

Miller (1977) had analysed the steady state solution of nonlinear systems by the method 

of equivalent linearization. The wave propagation is found to depend on the ratio of the 

amplitude of incident stress to frictional stress associated with the nonlinear model. In 

the absence of kinematic interlocking, the transmission is nearly complete for very low 

values of the stress ratio, whereas reflection is nearly complete for high stress ratio 

values. Instead of Coulomb slip model, Miller (1978) analysed wave propagation using 

other non-linear joint models like Fortsch model (linear spring parallel to frictional 

damper) and Leob model (linear spring parallel to Coulomb damper where slip stress 

is not constant but proportional to slip displacement). An approximate solution method 

was used in these models. The results were found to be in accordance with Miller (1977) 

for all the models. 

Schoenberg (1980) studied obliquely incident waves on joints by DMM assuming 

linear slip. Welded and non-welded joints were considered in the analysis. Equations 

for displacement, reflection coefficient, and transmission coefficient were derived 

analytically. Pyrak-Nolte et al. (1990) observed that specific stiffness is the most 

relevant parameter that determines the seismic properties of the fracture since it gives 

the quantitative description of mechanical coupling between two fractures affecting 

wave transmission. The variation of group velocity was studied using DDM for 

different frequencies under different specific stiffness. Group velocity was described as 

the wave velocity through a single fracture. The variation of velocity with the angle of 

incidence was also plotted. The variation of velocity was found to be influenced by 

frequency and ratio of specific stiffness of joint to impedance. The variation P wave 

velocity with angle of incidence was also analysed, and the velocity was found to 

increase as the incident angle nears 90°. This effect was the influence of the phase shift 

in the incident waves. An equation for group travel time for a medium having N 

fractures were proposed by Pyrak-Nolte et al. (1990) as, 
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gTeff Nt
U

L
t 

cos
     (Eq. 2.3) 

where, 

 L is the total path length along a line normal to the planes,  

U is the group velocity in intact rock,  

θ is the angle of incidence and  

N the number of fractures.  

The group time delay for each fracture gTt  according to Pyrak-Nolte et al. (1990) is a 

function of angular frequency (ω), specific stiffness (k) and seismic impedance (Z). 
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Cai and Zhao (2000) derived theoretical formulation using DDM approach and 

method of characteristics for calculating the transmission coefficient of normally 

propagating waves along multiple parallel fractures ( NT ). It is a function of the ratio 

(ξ) of fracture spacing to wavelength. The study leads to the understanding of a critical 

and threshold fracture spacing to wavelength ratio, which determines the action of 

multiple fractures. The NT  is independent of fracture spacing if thr   and 
N

N TT 1

. When crithr   , NT increases as fractures spacing reduces and when cri   NT

decreases with fracture spacing. But, as the stiffness of the fractures were found to 

increase NT is not affected by the number of fractures, even if their ξ is very small. 

Zhao and Cai (2001) analysed the transmission of P waves across fractures. The study 

was limited to single fractures which are dry following a nonlinear deformation pattern. 

The results obtained for transmission and reflection coefficients from nonlinear 

deformations were found to be special conditions of solutions by linear deformations. 

Li and Cai (2010) proposed a virtual wave source (VWS) method for understanding 

the effect of multiple joints on the transmission coefficient. The results obtained from 

the equivalent elastic model and virtual wave source method depended on the frequency 

and spacing under consideration.  Perino et al. (2010) studied wave propagation across 

the joints for single and multiple joints to understand the effect of the transmission 
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coefficient as a factor of normalised stiffness. Normalised stiffness is the ratio of 

specific stiffness to the product of radial frequency and impedance along with the effect 

of wavelength and joint spacing. The DDM and thin layer plate method (TLPM) 

provided a successful solution only when the joint thickness was much smaller than the 

wavelength. Zhu et al. (2011) verified the usage of distinct lattice spring model for wave 

propagation studies by comparing it against VWS. 

Fan et al. (2012) analysed viscoelastic behaviour of rock mass by DDM and EMM 

considering individual discontinuities to be micro-joints and the rock mass to be macro 

joints in sedimentary rock. The equivalent medium method treats the rock mass as a 

whole and predicts the effect of joints on the behaviour of the rock mass. The influence 

of amplitude and frequency on wave propagation and transmission coefficient was 

analysed to find a decrease in transmission coefficient as the frequency increases. Wu 

et al. (2014) used the method of characteristics to determine the effect of an infilling 

material and the stiffness induced by it on the P wave propagation and transmission 

coefficient. Li et al. (2014, 2015) analysed rock mass with different rock mass seismic 

quality factor using thin layer interface model (TLIM) and equivalent viscoelastic 

medium method (EVMM) respectively. A new, improved equivalent viscoelastic 

medium method was proposed by Li et al. (2015). A rock mass of higher quality was 

observed to be having less transmission losses and higher phase velocity. As frequency 

neared infinity, velocity was found to near intact wave velocity in jointed rock blocks.  

Zou et al. (2016) studied the obliquely incident waves through single oblique joints for 

P and S wave using wave superposition states in different areas adjacent to the fracture. 

In their studies, the time delay between reflected and refracted P and S waves are 

calculated analytically. Also, the effect of reflection of waves in limited area conditions 

as in laboratory experiments has also been taken into consideration. 

 

2.3.2 Experimental Studies 

Zhang and Zhao (2014) compiled different testing methods on dynamic loads under 

intermediate and high strain testing. Different test methods are used to understand the 

performance of rocks for different strain rates. The studies regarding wave propagation 

pattern mostly focus on the transmission and reflection characteristics of the waves. 

Different test methods were used to understand the wave propagation pattern depending 

on the strain levels. At low strain levels, the wave propagation through rocks mostly 
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affected the wave patterns, transmission, and reflection rather than the rock in itself. 

The laboratory studies under low strain were mostly using ultrasonic pulse velocity test, 

bender element test and resonant column method. But for tests on high strain conditions, 

split Hopkinson pressure bar (SHPB) is usually adopted.  

Studies using ultrasonic pulse velocity is one of the simplest methods of low strain 

dynamic testing. This method has been used by various researchers over the time to 

understand the wave propagation using piezoelectric transducers placed across the 

samples. Myer et al. (1990) conducted an experimental study on rock samples to 

understand the seismic behaviour of different joints under axial loading varied from 10 

to 85 MPa. The effect of confining pressure on the wave propagation pattern using 

ultrasonic pulse study showed that, with an increase in confining pressure, the 

transmission coefficient increases due to the increase in joint stiffness properties. This 

was correlated with the analytical solutions for reflection and transmission coefficients 

by Miller (1978). This study was later extended on various other materials and different 

joint characteristics (Cook, 1992; Pyrak-Nolte, 1992, 1996; Chen et al., 1993).   

 Fratta and Santamarina (2002) used a resonant column device to study wave 

propagation along joints. Shear wave velocity was obtained for samples with and 

without infilling material. The presence of an infilling material was found to bring a 

decrease in the wave velocity and transmission coefficient. This research was extended 

by Cha et al. (2009) for P waves and to find the effect of other joint properties. The 

results with P wave velocity followed a similar trend as in the study by Fratta and 

Santamarina (2002). For saturated samples, the variation of P and S wave velocities 

were studied by Rodriguez- Sastre and Calleja (2006) using ultrasonic pulse velocity 

test. The study gave results on the effect of multiple foliations and foliation angles on 

the wave velocity. Ju et al. (2007) studied the effect of rough joints on the stress wave 

propagation under large strain loading using the Split Hopkinson Pressure Bar (SHPB) 

test. It was found that rougher the surfaces more the permanent deformations and hence 

higher the wave attenuations. Li and Pyrak-Nolte (2010) analysed the effect of wave 

transmission on layered carbonate rocks using seismic arrays to produce full-waveform 

measurements on the samples. The results of the study were used to find the effect of 

number of layers on the transmission of obliquely incident wave. 

Kurtuluz et al. (2011) studied the wave propagation through marbles to understand 

the wave velocity under different joint patterns. The study was on multiple joints of 
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different inclinations, and the variation of wave velocity and an increase in number of 

joints were found to decrease the wave velocity. Also, maximum wave velocity was 

found to be obtained when the angle of incident waves was zero. Perino (2011) used a 

resonant column for studying wave propagation across intact and jointed specimens 

with different fracture patterns. Smooth and rough fractures were incorporated as the 

joints to estimate the wave velocity, shear modulus and damping ratio of the material 

with different joint conditions. 

Resonant column tests were done by Mohd.-Nordin (2014) and Sebastian (2015) for 

understanding wave propagation through single and multiple fractures. Both the studies 

were conducted on gypsum to replicate the rock and joint behaviour. The study by 

Mohd.-Nordin et al. (2014) concentrated on the joint roughness coefficient and its effect 

under different normal stresses. Sebastian (2015) carried out low strain tests on resonant 

column apparatus and bender element apparatus. The P wave velocity and shear wave 

velocity was found to decrease as the number of joints increased for the bender element 

test. Wu et al. (2015) studied the effect of P wave attenuation across parallel surface 

using SHPB tests for welded and non-welded joints and found that the wave attenuation 

increases when the surfaces are joined together with the help of some infilling material. 

Gui et al. (2016) carried out SHPB test on single filled and unfilled non welded fracture 

with a striking input pressure of 8 MPa, and it was found that filled non-welded joints 

have most attenuation. So as the infilling material thickness is increased, the wave 

attenuation occurring across the joint increases. 

 

2.3.3 Numerical Studies 

Many experimental procedures are costly and strenuous to be studied. This is especially 

true when the size of the rock mass considered for the study is enormous. The studies 

using numerical methods are according to the problem statements under consideration. 

Starfield and Cundall (1988) gave general guidelines in the development or use of any 

modelling technique. According to Harrison and Hudson (2000), the modelling in rock 

should follow DIANE concept (Discontinuous, Inhomogeneous, Anisotropic and Non-

Elastic). The critical aspect of any numerical model is the objective and problem 

statement, according to Hoek et al. (1990). Division of the study can be done as the 

continuum method or discontinuum depending on the properties under consideration 

(Jing, 2003). The different available methods of numerical modelling are: 
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 Continuum method: Boundary Element Method (BEM), Finite Element Method 

(FEM) and Finite Difference Method (FDM) 

 Discontinuum method: Discrete Element Method (DEM), Discontinuous 

Deformation Analysis (DDA) and Discrete Fracture Network (DFN) 

 Hybrid method: Hybrid BEM/DEM, Hybrid FEM/BEM, Hybrid FEM/DEM 

and others. 

 

If the presence of discontinuity is vital in the numerical studies, the discontinuum 

approach is used. Jing (2003) explains the concept of continuity and discontinuity to be 

problem specific. And hence the generalisation of the same to all areas of study is not 

possible. The main difference of a discontinuum method over a continuum is the 

displacement compatibility, where the displacements are not enforced between the 

internal elements and replaced by boundary contact condition. Kazerani and Zhao 

(2011) provided various advantages of discontinuum over continuum, such as the 

capability of discontinuum to examine the initiation and propagation of cracks. Elmo et 

al. (2012) also specified the disadvantage of discontinuum approach to be lack of 

information available on contact stiffness. 

The wave propagation analysis through joints is done under the assumption of 

discontinuum concept using the discrete element method. Four programming methods 

are available under discrete element modelling according to Cundall and Hart (1992) – 

Distinct Element Method, Modal Methods, Discontinous Deformation Analysis (DDA) 

and Moment Exchange Methods. The Universal Distinct Element Code (UDEC) and 3 

Dimensional Distinct Element Code developed by Itasca is widely used in the rock 

engineering applications as they are custom made for the same. 

Cai and Zhao (2000) did a parametric study on wave transmission and reflection 

coefficients for single and multiple joints using a discrete element based code UDEC. 

The theoretical solution was based on displacement discontinuity model considering 

the presence of multiple parallel fractures. The study was according to the effect of 

spacing and number of fractures on the transmission coefficients. The transmission 

coefficients were found to be highly dependent on the number of fractures. The model 

used for this study was of 300 m length and 1 m in width. The input wave was of 

frequency 50 Hz is applied as a velocity input sinusoidal wave of unit amplitude. The 

variation of result with mesh size with respect to wavelength was studied, and the 
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increase in mesh size was found to increase the error when compared to theoretical 

results. Zhao et al. (2008) extended the work of Cai and Zhao (2000) and considered 

the effect of nonlinear deformable joints on P wave propagation across fractures using 

UDEC. The block size used in this study was of 600 m length and 1 m width with a 

frequency of 50 Hz. 

Toomey et al. (2002) used a numerical scheme called Discrete Particle Scheme to 

study the effect of tensile strength on the joint properties. They analysed the 

components of wave in tensile condition and compressive conditions for reflection and 

transmission of the wave along the boundary. Most of the studies were carried out on 

smooth surface joints. Perino (2011) used UDEC and 3DEC for evaluating the stress 

wave propagation across joints and reproducing the experimental results. Resende 

(2010) studied the effect of joint stiffness and insitu stress on the wave transmission 

using Particle Flow Code, a discrete element method software. Eitzenberger (2012) 

described the effect of discontinuity on wave propagation considering infill material, 

the thickness of infill, normal and shear stiffness. Huang (2014) conducted studies using 

PFC to determine the effect of filled joints. A filled layer with bonded materials which 

cannot take any tensile stress was modelled. Sebastian (2015) used 3DEC modelling to 

validate and extend the studies on the bender element test for stress wave propagation 

across jointed samples.  Raffaldi and Loken (2016) used UDEC to help create an 

understanding of wave propagation and tensile failure using rock fracture ejection. Gui 

et al. (2016) studied the wave propagation across welded and non-welded joints with 

and without infilling material. The study was conducted on UDEC to understand the 

attenuation pattern under different joint conditions. Cui et al. (2016) used 3DEC to 

know S wave propagation pattern through joints under different joint spacing. The 

difference in joint patterns was compared for Mohr-Coulomb joint and continuously 

yielding joints by extending a Time Domain Recursive Method for S wave propagation. 

Babanouri and Fattahi (2018) analysed wave propagation through 3 orthogonal joints. 

The modelling was done by replacing the joints with orthotropic continua. Zhan and Qi 

(2017) extended the research by Cai and Zhao (2000) to understand the acceleration 

amplification factors acting at different points of a fractured slope. The study provided 

an understanding on the effect of the acceleration amplification in terms of normalised 

joint stiffness (K) and normalised joint spacing ( ). 
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2.4 THE EFFECT OF SEISMIC LOADING ON TUNNELS 

Development of various infrastructure projects is closely linked with the underground 

structures, such as utility tunnel, metro rail transport service (MRTS), hydropower 

cavern or a nuclear repository. This creates a need for study on the stability and 

performance of tunnels. Tunnels built in rock, are always assumed to be strong and 

stable. The seismic performance of tunnels is hardly considered. However, a number of 

tunnel failures under during earthquakes are reported in the literature (Dowding and 

Rozen, 1978; Owen and Scholl, 1981; Sharma and Judd, 1991; Power et al., 1998; 

Kaneshiro et al., 2000; Asakura et al., 2000; Adyan et al., 2010; Roy and Sarkar, 2017). 

Hence, it is important to study the performance of tunnels under seismic loading.  

One of the earliest research is by Mao and Pow (1971) regarding the hoop stresses 

acting on a circular tunnel. A circular tunnel on the incidence of simple harmonic P 

wave was considered for the study (Figure 2.5). Main assumption used in the study is 

that of an isotropic elastic medium around tunnel which follows Kirch’s solutions 

(1898) of stress concentration. The stress concentrations occurring around the tunnel 

under static and dynamic conditions were compared using dimensionless frequency Ω. 

The dimensionless frequency Ω (Mao and Pow, 1971) is a function of circular 

frequency ω, the radius of the tunnel a and the P wave velocity Vp and is expressed as 

pV

a
      (Eq. 2.5) 

The peak stress concentration under dynamic conditions was found to be 10 to 15% 

higher than static conditions especially when Ω is 0.25 or when the wavelength of the 

incoming wave is close to 25 times the tunnel diameter. Design charts were proposed 

to determine the peak dynamic stress acting for a given Poison’s ratio and 

dimensionless frequency. 
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Figure 2.5: Circular cylindrical cavity and incident wave (Adapted and redrawn from 

Mao and Pow, 1971) 

 

Dowding and Rozen (1978) carried out a seismic response study of different tunnels 

and it is found that the underground structures underwent damage only when the 

seismic load acting on it is higher than 0.12g, and no tunnel collapse occurred below 

0.5g. Owen and Scholl (1981) studied the response of circular tunnels in an isotropic, 

homogenous medium. The focus of the researchers was on the effect of P, SV and SH 

waves on a circular tunnel. The tunnel followed different deformation patterns with 

forces acting on the tunnel, as shown in Figures 2.6, 2.7 and 2.8. It is found that the 

shallow tunnels are more susceptible to earthquakes and an equation ( Eq.2.6) based on 

theoretical solutions connecting the distance between a train of waves and the angle of 

incidence of the waves was proposed to understand the critical depth Yc,. Beyond the 

critical depth chances of wave interference due to surface reflections and the incident 

train of waves is negligible (Figure 2.9).   

cos2

o
c

L
Y       (Eq. 2.6) 

The consideration of seismic load on underground structure design was done by 

Barton (1984) using the Q system of the rock mass classification, assuming Qseismic to 

be half of Qstatic. An application of the factor of safety in the design of tunnels was 

proposed by increasing the support pressure, as shown in Figure 2.10. Ingerslev and 

Kiyomiya (1997) in the analysis of underground structures for the Hanshin Earthquake, 

1995 and Loma Prieta earthquake, 1989 found that tunnels seated in rocks would 

undergo the same deformation as the rock itself. 
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Figure 2.6: Deformation in tunnels due to dynamic load (Adapted and redrawn from 

Owen and Scholl, 1981) 
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Figure 2.7: Axial deformation along 

tunnel (Adapted and redrawn from Owen 

and Scholl, 1981) 
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Figure 2.8: Curvature deformation along 

tunnel (Adapted  and redrawn from Owen 

and Scholl, 1981) 
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Figure 2.9: Critical depth for interference of incident and reflected train of waves 

(Adapted and redrawn from Owen and Scholl, 1981) 
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The planning and design of nuclear waste repository projects in the United States 

lead the way to a large number of studies. The researchers mainly attempted to 

understand the behaviour of joints under seismic conditions (Kana et al., 1990; Ahola 

et al., 1996; Kana et al., 1997). The studies were mostly based on deep mining area of 

the Lucky Friday mine. Ahola et al. (1996) carried out shake table experiments to find 

the response of a circular tunnel in jointed medium and identify the tunnel failure by 

rock slip acting along the joints. The joint displacements were found to be cumulative 

for recursive loading.  
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Figure 2.10: Consideration of seismicity on the support pressure using Rock Mass 

Quality (Adapted from Barton, 1984) 

 

 
Figure 2.11: Views on some model test in discontinuous rock mass (Adyan et al., 

2010) 

 

Adyan and co-workers also conducted model tests on breakable and unbreakable 

blocks using one-dimensional shake table (Adyan et al., 1994; Adyan and Kawamoto, 
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2004; Genis and Adyan, 2002, 2008; Adyan et al., 2010). These experiments are mostly 

focused on shallow unsupported tunnels (Figure 2.11 and 2.12). Dhawan (2004), 

Abokhalil (2007), Adyan et al. (2010), Yoo et al. (2017) have also worked towards 

identifying the effect of underground structures in the rock to identify its performance 

under seismic conditions. While Dhawan et al. (2004) used actual earthquake data of 

Koynanagar earthquake (1967) in understanding the deformations of multiple 

underground openings under dynamic conditions, Abokhalil (2007) used pseudo-static 

methods with a similar interest under focus. Both the studies were done using finite 

element analysis with plastic behaviour consideration for the rock. It was concluded 

that plastic damage occurs near the underground opening, which was not transmitted to 

the surface or other parts.  

 
(a)       (b) 

Figure 2.12: Models of shake table study on abandoned ligmite mine (a) 

compressive failure of pillars (b) Bending failure of roof layers (Adyan et al., 2010) 

 

Chen et al. (2012) and Yu et al. (2013) extended the studies by Owen and Scholl 

(1981) on the critical depth to understand the influence of depth on tunnels with the 

help of numerical analysis. It was concluded that at a depth of 0.25 times the incoming 

wavelength, the stress state amplification is pronounced. The studies carried out by Yu 
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et al. (2013) also pointed out the higher tunnel response under the action of non-uniform 

seismic motion compared to uniform seismic motion. 

Tao et al. (2015) considered a new classification criterion to classify tunnel damage 

during the seismic condition. They studied the pattern of Wenchuan Earthquake 2008 

and tried to model the same using shake table test to study the behaviour of the tunnel, 

especially Longdongzi tunnel which suffered damage during the earthquake. With their 

study, they concluded that the invert, arch and side walls are most susceptible to 

damage. The interface between bedrock and opening overburden is usually near the 

portals most. The difference in the surrounding rock properties leads to seismic damage. 

A study on the stability of tunnels in seismic condition by Cui et al. (2016) using linear 

continuous yielding and Barton-Bandis models. The majority of the cavern’s seismic 

displacement was found to be made up of elastic body movement. Most of the 

deformation were found along contact surfaces, making plastic deformation relatively 

limited. The seismic stability of the cavern was assessed via the overload method giving 

a seismic safety factor 2-3. 

The focus of many studies was on the tunnel response under other types of dynamic 

loading such as blast loading and rockbursts (Rosengren, 1993; Wang et al., 2007; 

Heuze and Morris, 2007; Deng, 2014). Hueze and Morris (2007) determined features 

making the underground facility less resistant to shock. The study was conducted on 

DE analysis using LDEC while modelling blast load near jointed rock tunnel. Table 2.1 

shows the summary of their findings. 

Lucky Friday Mine in Coeur d' Alene, Idaho, USA (Ghosh et al., 1996; Hsuing and 

Ghosh, 2006) was monitored using instrumentation by the Center for Nuclear Waste 

Regulatory Analyses. Ma and Brady (1999) analysed the dynamic response of a jointed 

rock excavation for Lucky Friday mine and studied the cumulative accumulation of 

joint slip deformation in the response of an excavation in a rock mass which experiences 

repeated seismic loading. The progressive damage at a slip surface was studied for its 

cumulative displacements, and it was suggested that rock mass fatigue should be 

considered for the design of tunnels as it becomes increasingly vulnerable to seismic 

impacts if exposed continuously. The study was done with both Mohr-Coulomb and 

continuously yielding criteria against actual field data from the Lucky Friday mine, and 

both were found to reproduce these field results comparatively well. Figure 2.13 shows 
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an image of failure and joint displacements due to mine induced seismicity in Lucky 

Friday Mine by White and Whyatt (1999). 

Table 2.1: Factors under consideration in the tunnel under the action of dynamic 

load (Adapted from Hueze and Morris, 2007) 

Features making the ground facility more 

resistant to ground shock 

Features making the ground facility 

less resistant to ground shock 

Geology 

Non continuous joints 

Wide joint spacing 

Dilatant joints 

Higher shear and tensile strength of the 

joints 

More porous rocks overlying the facility 

Less water saturation of the viods 

 

Continuous joints 

Smaller joint spacing 

Non dilatant joints 

Lower shear and tensile strength of the 

joints 

Less porous rocks overlying the 

facility 

More water saturation of the voids 

Facility Design 

Smaller span of rock openings 

Rock reinforcement 

Tunnel liner 

 

Larger span of rock openings 

Un-reinforced rock mass 

No tunnel lining 

 

  

Figure 2.13: Failure and disruption in Lucky Friday Mine (White and Whyatt, 1999) 

 

2.5 EFFECT OF DYNAMIC LOADING ON TUNNEL LINING AND TUNNEL 

SUPPORTS 

Support is a term widely used to describe materials that enhance the strength, stability, 

and load carrying capacity of different excavations. Windsor and Thompson (1993) 

defined and gave a clear distinction between support and reinforcement.  
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“Support is the application of reactive force to the surface of an excavation and includes 

techniques and devices such as timber, fill, shotcrete, mesh, and steel or concrete sets 

or liners. Reinforcement is a mean of conserving or improving the overall rock mass 

properties from within the rock mass by techniques such as rock bolts, cable bolts, and 

ground anchors.” 

The supports are classified as passive and active according to the load carrying 

nature. When support exerts a force on the face and imposes a predetermined load at 

the surface, it is called active support. Tensioned rockbolts or cables, hydraulic props, 

expandable segmented concrete linings or powered supports are examples of active 

supports. And when the support is not installed with an applied load but develops 

capacity as the rock deforms, it is known as passive support. Steel arches, timbered sets, 

untensioned grouted rockbolts, reinforcing bars or cables work on passive support 

technique. It is pointed out by Brady and Brown (1993) that a good support system must 

allow sufficient displacement and restrict the support loads to a practical level. The 

support pressure displacement curves have explained this perfect combination as shown 

in Figure 2.14, as suggested by Daemen (1977). This support interaction curve consists 

of two parts, one which shows the support line of the roof or sidewall and other the 

support reaction. These curves show the ground characteristics depending on the 

support pressure and tunnel displacements. This curve shows how redistribution of 

stresses is carried out by the rock. 

The use of tunnel supporting methods like shotcrete, rockbolts, concrete liners, steel 

shields are commonly used for stabilisation purposes. Table 2.2 shows the 

recommendations given for rock support in the New Austrian Tunneling Method 

(NATM) guidelines as suggested by Bieniawski (1989) and Austrian standard for 

underground works (ONORM B 2203,1993). These stabilisation measures improve the 

performance of tunnels under static conditions where the load and applications are well 

defined. But, the performance under dynamic conditions is never taken seriously due to 

the common assumption that underground structures are very safe under seismic 

conditions/dynamic loading.  Rock bolts and linings typically used in tunnels are 

designed for the static case where they can handle a large amount of load but no 

displacements. When subjected to dynamic loading, ground support also needs to 

dissipate the dynamic stress acting upon it.  
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Figure 2.14: Radial support pressure-displacement curves for the rock mass and the 

support system 

 

Table 2.2: NATM classification and rock support (ONORM B 2203, 1993; 

Bienwaski, 1989) 

Term Rock mass condition Requirements to rock support 

function and excavation 

measures 

Principle of 

roof and wall 

support 

Stable Elastic behaviour. Small 

quick declining 

deformations. No relief 

features after scaling  

The rock masses are long 

term stable 

No need for rock support after 

scaling. Not necessary to reduce 

length of round except for 

technical reasons 

Support 

against 

dropping rock 

blocks  

Slightly 

ravelling 

Elastic behaviour, with 

small deformations which 

quickly decline. Some 

few small structural relief 

surfaces from gravity 

occur in the roof. 

Occasional rock support in roof 

and upper part of the walls 

necessary to fasten loosened 

blocks. The length of rounds 

might only be limited for 

constructional reasons. 

Shotcrete and 

bolt support 

in roof 

Ravelling Far-reaching elastic 

behaviour. Small 

deformations that quickly 

decrease. Jointing causes 

reduced rock mass 

strength, as well as 

limited stand up time and 

active span. This results 

in relief and loosening 

along joints and weakness 

planes, mainly in the roof 

and upper part of the wall. 

Systematic rock support is 

required, but only in moderate 

amount. The length of rounds is 

determined from the stand up 

time and the time required 

installing the initial support 

Combined 

shotcrete and 

bolted round 

in roof and at 

springline 
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Strongly 

ravelling 

Deep non-elastic zone of 

rock mass. The 

deformations will be 

small and reduced when 

the rock support is 

quickly installed. Low 

strength of rock mass 

results in possible 

loosening effects to 

considerable depth 

followed by gravity loads. 

Standup time and active 

span are small with 

increasing danger for 

quick and deep loosening 

from the roof and 

working face. 

Systematic rock support 

required in roof and walls, and 

often also of the work face. The 

cross-section of the heading 

depends on the size of the 

tunnel, i.e the face can 

contribute to  stability 

The length of the rounds must 

be reduced accordingly, 

respectively systematic use of 

support measures such as 

spiling bolts ahead of the face. 

Combined 

shotcrete and 

bolted arch in 

roof and 

springline, if 

necessary 

closed invert 

Squeezing 

or swelling 

Plastic zone of 

considerable size with 

detrimental structural 

defects such as joints, 

seams, shears. Plastic 

squeezing as well as rock 

spalling (except for 

rockburst) phenomena. 

Moderate but clear time 

dependent squeezing with 

only slow reduction of 

deformations (except for 

rockburst). The total and 

rate of displacements of 

the opening surface is 

moderate. The rock 

support can sometimes be 

overloaded. 

Rock support of the whole 

tunnel surface is required, often 

also of the working face. The 

size of the heading should be 

chosen to effectively utilise the 

stabilising effect of the face. 

The effect of the rock support is 

mainly to limit the breaking up 

and to maintain the three 

dimensional stress state. The 

length of the round must be 

adjusted according to the 

support measures ahead of the 

working face 

Support ring 

of shotcrete 

with bolted 

arch and steel 

set 

Strongly 

squeezing 

or swelling 

Development of a deep 

squeezing zone with 

severe inwards movement 

and slow decrease of the 

large deformations. Rock 

support can often be 

overloaded 

Comprehensive rock 

supporting works required in all 

the excavated rock surfaces. 

The size of the unsupported 

surface after excavation is to be 

limited according to support 

measures performed ahead of 

the face. The large 

deformations require use of 

special support designs, for 

example deformation slotsor or 

other flexible support layouts. 

The support should be installed 

to maintain the three 

dimensional state of stress in 

the rock masses 

Support ring 

of shotcrete 

with steel 

sets, 

including 

invert arch 

and densely 

bolted arch 
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2.5.1 Rockbolt as Support 

Rockbolting is a flexible method of support which is used as both initial support and 

final support. Untensioned grouted rockbolts or dowels are commonly used. A typical 

rockbolt used in tunnels are of length 2-4 m with a diameter of 20-25 mm. Palmstrom 

and Nilsen (2000) suggested an expression for finding the length of rockbolts according 

to the size of the opening and width of the blocks: 

)/1.01(175.04.1, btroofb DDL     (Eq. 2.7) 

)/1.01)(5.0(1.04.1, bttwallb DWDL    (Eq. 2.8) 

Where, 

tD =diameter or span of the tunnel (m) 

bD =block length (m) 

tW = tunnel wall length (m) 

 

Discontinuity

Direction of

shearing

Active

Length

 

Figure 2.15: Active length of rockbolt (after Brady and Lorig, 1988) 

 

The performance of rockbolt support is according to structural mechanics by 

yielding. The loads acting on the bolts get mobilised when a relative displacement 

happens between the rock and the bolt. For a bolt grouted well with resin or concrete, 
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considerable axial stress develops over a short length in the bolt called active length 

which offers high resistance (Figure 2.15). This resistance may also be in the direction 

of shear if there is a joint slip. This leads to the observation that reinforcement 

deformation is concentrated near a discontinuity and triggered by the motion of the 

joint. 

 Most studies on the performance of rockbolts under dynamic conditions are 

concentrated on the performance of rockbolts in deep underground mines in rockburst 

or blast conditions. Goodman and Dubious (1971) analysed the dynamic forces acting 

on a rockbolt analytically assuming momentum conservation equations. The velocity 

and the period of action of the wave pulse were calculated. This value was used to 

understand the force acting on the rockbolt. Otuonye (1988, 1993) studied the response 

of axial and bending stresses on grouted rockbolts under the action of blasting. The 

response of grouted rockbolts near the ground opening was found to have higher 

vibrations than the bolts deep inside the ground.  Tannant et al. (1995) and Ortelapp 

and Stacy (1996) carried out experimental studies on rockbolt to understand their 

performance in the case of blast loading and explosives. Tannant et al. (1995) in the 

study of rockbolt behaviour for blast loading found that the position of the explosive 

with respect to the rockbolt alignment affects the axial and shear forces produced in the 

rockbolt. The incoming wave frequency and amplitude were fundamental in 

determining the duration of vibration in rockbolt, and transfer of load to the tunnel 

surface and damages in the surrounding rock and shotcrete supports. Ortelapp and Stacy 

(1996) tried to understand how the yielding of rockbolts helped in the absorption of 

energy coming from the impulse load. They pointed out that rockbolts which yielded 

performed better under shear and not under axial conditions. Ortellap and Stacey (1998) 

considered the impact of impulsive loading on different support members like rockbolt, 

shotcrete, wired mesh, etc. The study found shotcrete to withstand ejection velocities 

upto to 3 m/s. Even low-grade shotcretes were found to absorb some energy. And the 

performance of yielding rockbolts was found to be energy absorbing under dynamic 

conditions. Ortelapp (2001) summarised the effect of dynamic load on tunnel supports 

under all ground conditions. The necessity of providing unbreakable bolts with 

controlled yieldability, together with balanced, compliant cladding, appropriately 

coupled to or integrated with the bolt was mentioned. Wang et al. (2014), Kaiser and 

Cai (2012) gave tunnel design criteria for support members in deep mines under 
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rockburst conditions. Out of many factors affecting rockbursts, the support members 

and its properties were identified to be important. 

Mortazavi and Alavi (2013) on the analysis of rockbolt under dynamic loading 

conditions found the stress concentration occurred in the bolts due to the high rate of 

loading and multiple reflections of the incoming wave. It was noticed that yielding 

rockbolts stabilised the rock mass. Pytlik et al. (2016) carried out laboratory 

experiments to understand the capacity of rockbolts under dynamic loading conditions 

of a mine. The experiment was based on free fall of a mass on the rockbolt. And the 

bolts were categorised according to impact resistance and recommended for different 

mining conditions. Wang et al. (2018) provide an analytical solution for load acting on 

rockbolts during static and dynamic loading. The force on acting on rockbolt due to a 

blast load could be found by deriving the forces acting. The force acting on the bolts 

under the combined action of the static and dynamic load is expressed by Wang et al. 

(2018) as, 
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where, ρr is the rock density, cr is the velocity of longitudinal wave in rock, Q is the 

quantity of explosives, d is the distance between the point of interest and the blasting 

source, k and β are site specific coefficients dependent on in-situ rock mass conditions 

and the blast design, Eb is the Young’s modulus of the bolt, D is the diameter of the 

rockbolt, a, and b, are constant dependent on the stiffness and strength of bolt, L of the 

bolt, zo and K are parameters that are calculated according to the pullout test and z is 

the distance to the point of calculation of force. Tahmasebinia et al. (2018) conducted 

analytical, and numerical studies to understand the performance of a cable bolt in static 

and dynamic conditions. ABAQUS modelling for the numerical studies explained the 

failure of cable bolts at the initial high strain loading. 
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2.5.2 Shotcrete or Liner as Support 

Shotcrete support is applied by spraying a concrete mix on to the surface at high 

pressure. The popularity of shotcrete as a support system is because of its favourable 

properties, high capacity and flexibility. It is used as an initial support system in jointed 

rock masses and many times combined with rockbolts to be used as a combined support 

system. 

In the modern mechanised tunnelling, precast or cast in situ tunnel liners are 

commonly used. This is often used as a preventive measure for large faults or weakness 

zones with highly unstable rock masses. Though expensive, the main attraction of 

concrete liners is the aesthetic value and perfection which it provides to the surface. 

Most research for the effect of dynamic load, mainly seismic is concentrated on liners. 

A significant reason for this is also the ease in identification of even minor cracks 

occurring on liner in comparison to shotcrete. The studies consisted of case studies 

where actual damage was observed on the lining, experimental studies and numerical 

study. Most of these studies are numerical considering the wide possibilities and 

controlled scenario.   

 

 

(a)                     (b)    (c) 

Figure 2.16: Failure modes of the tunnel (Adapted and redrawn from Zou et al. 2012) 

(a) Failure at Shoulder (b) Failure at crown (c) Horizontal failure 

 

Failure of tunnel and tunnel lining when it passes through a fault is well noticed 

(Kimura et al., 1987; Yang et al., 2013; Yu et al., 2016; Manouchehrian and Cai, 2018).  

These failures range from tunnel caving in or liner/shotcrete break or distortion. The 
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extent of damage near a fault during an earthquake depends on the slippage occurring 

along the fault plane and the orientation of the fault. Early studies by Dowding (1984) 

suggested that for lined tunnels the threshold peak particle velocity (PPV) required to 

cause damage would be roughly double that of unlined tunnels. Studies carried out by 

Stjern and Myrvang (1998) and Ortlepp and Stacey (1998) have shown that PPV upto 

1 m/s will not cause any measurable damage to rock support. Wang (1993) proposed 

different equations for axial force and bending moment in tunnel linings in soil under 

seismic condition.  

Aakasura et al. (2000, 2007) analysed the different fracture positions in tunnel liners 

when P and S wave intersect at different angles. The different nature of lining failures 

for various incoming P and S waves were analysed by Zou et al. (2012). This study 

made an extension on the research by Aakasura et al. (2000, 2007) for the types of 

damage occurring in the tunnel liner for incoming S and P waves. Figure 2.16 shows 

the different types of cracking happening on the tunnel with the nature of incoming 

waves. Cracking is observed on the shoulders when a vertical S wave or inclined P 

wave intersects the tunnel. The tunnel roof undergoes cracking when the incoming 

wave is vertical P wave or inclined S wave. And horizontal cracks are visible when 

wave passes along the tunnel direction. The study also observed an increase in damage 

at lower frequencies. The failures along tunnel liners in the studies of Wang et al. 

(2001), Kongai et al. (2005) and Yu et al. (2016) were found to follow this pattern. 

Bhasin et al. (2006) investigated the effect of seismicity on rock supports using Phase2 

as the numerical tool. The maximum axial force acting on the tunnel lining was found 

to be highly dependent on the tunnel diameter. The effect was considerably high in the 

case of elastic-perfectly plastic rock mass compared to elastic assumption. 

A field study with extensive instrumentation was conducted by Hsiung and Ghosh 

(2006) on Lucky Friday Mine to understand the effect of seismicity on tunnels and 

tunnel supports. It was observed that a threshold seismic amplitude is required for any 

permanent deformation to occur. Jiang and Zhou (2012) studied the effect of blasting 

on liners and rocks using LS-DYNA and concluded that there is a notable difference in 

the PPV and the peak effective tensile stress between the tunnel liner and the 

surrounding rock at the interface of arch and wall. Romero and Caulfield (2012) studied 

the Claremont Tunnel and the Bay Tunnel in California. The performance of liners 

(concrete and steel) under static and dynamic loads both for soil and rock conditions 
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were analysed, and maximum damage was found to occur at transition zones from soil 

to rock. Kouretzis et al. (2014) analysed the effect of secondary P wave by analytical 

and numerical solutions. A closed form solution is developed for understanding the 

hoop stress and bending moment around the tunnel. It was noticed that the hoop stresses 

developed around the tunnel even under full slip conditions are considerably higher 

than the stresses produced by S waves of equal or lower magnitudes.  

     

(a)                                                             (b) 

     

(c)      (d) 

Figure 2.17: Yingxiuwan underground powerhouse failure from Wang et al. (2018) 

(a) Broken and uplift of generator floor (b) Steel corrosion and distortion at the cavern 

intersection (c) Cracking and seepage of diversion tunnel (d) Cracks on the sidewalls 

of traffic tunnel 

 

Yi et al. (2014) used wave function expansion method to study the effect of P waves 

on lined circular tunnels. The dynamic stress concentration factors were discussed for 

rock mass and the liner under high frequency conditions. Yi et al. (2016) extended the 

work for low frequency as well. It was observed that when the interface between the 

rock and liner is weak, resonance may be observed leading to high dynamic stress 
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concentration. Deng et al. (2014) did a set of numerical simulations in UDEC to identify 

the effect of blast loads on jointed rocks with and without rockbolts under various joint 

angles, joint spacing and scaled distances. They concluded that the slipping of joints 

mainly caused the damage of the tunnels. The joint spacing and numbers were identified 

to have maximum influence on wave propagation in the jointed rock mass. The initial 

stress condition was found to have very less effect. The tunnels with bolts were found 

to have comparatively less impact than those without as the bolts were assumed to take 

some of the vibrations. 

Do et al. (2015) tried to find the effect of segmental joints on tunnel liners under 

seismic condition. An increase in bending moment and normal force was observed to 

be affected by the joint and joint properties. Wang and Cai (2015) described that the 

ratio of wavelength to the tunnel diameter is critical in deciding the impact of the 

earthquake on tunnel support. Only if the ratio is higher than 4.5 a strong impact will 

be faced and that 4.5 can be considered a critical value. The Wenchuan earthquake 

(2008) of Richter scale magnitude 8.0 affected many underground structures. The 

closest large scale structure from the epicentre was Yingxiuwan underground 

powerhouse, and this was analysed by Wang et al. (2018). The powerhouse was found 

to undergo severe damage at the portal, and several cracking and spalling of concrete 

were observed at different parts along with upliftment and breakage of the generator 

floor (Figure 2.17). A dynamic 3D finite element analysis was done for the powerhouse 

and the surrounding rock system to understand the nature of the damage. A rock 

structure interaction of the powerhouse showed the oblique incidence to cause higher 

damage.  

Failure

M
M F

axial

F
axial

Failure

 

Figure 2.18: Failure due to moment and axial forces (Adapted and redrawn from 

Zhang et al., 2018) 
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Zhang et al. (2018) analysed the damages that Tawarayama Tunnel underwent under 

the 2016 Kumamoto Earthquake. The results of the study were analysed to change in 

tunnel cross-section with the effect of waves, and the failures were analysed (Figure 

2.18) for cracks, spalling and collapse according to hoop stresses and moment acting 

on it. Roy et al. (2018) analysed the damage occurring on the liners for a tunnel placed 

in blocky rock mass for various seismic loading scenario.  Joints were found to act as 

filters, and only low frequency waves caused an effect on the tunnel. The types of forces 

and bending acting on each block was identified as shown in Figure 2.19. 

 

 

Figure 2.19: Generalised forces acting on different regions of a tunnel liner (Adapted 

from Roy et al., 2018) (a) Crown (b) and (c) Floor and springline (d) Sidewalls  

 

2.6 SUMMARY 

An overview of the existing findings and research in the area of rock dynamics with 

focus on the performance of rock joints have been presented in this chapter. The 

dynamic load acting on joints are usually represented in the form of stress waves. The 

studies on rock joints under the action of the dynamic loads are divided according to 

three main aspects: (a) the propagation of stress waves through rock joints (b) effect of 

dynamic load on tunnels (c) the performance of tunnel support system under the action 

of dynamic load. 
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The literature on stress wave propagation along joints can be broadly classified as 

analytical, experimental and numerical studies. Most of the studies concentrate on the 

transmission and reflection coefficients of the stress waves as they are incident on the 

rock joint. The analytical studies were verified and extended by different experimental 

and numerical techniques. The adoption of the experimental technique is according to 

the strain induced by the stress waves. The numerical studies were according to 

discontinuum methods to incorporate the joint properties. The studies showed the 

dependence of wave amplitude and wave velocity on various factors like frequency of 

the wave, joint angle, joint infilling, joint roughness and number of joints. 

The behaviour of tunnels under the action of dynamic loading includes much 

research on intact rocks compared to jointed rocks. Many of the studies concentrated 

on blasting and rockburst conditions of deep mines. The failure investigation of tunnels 

under the action of earthquakes are very limited. Though the tunnels are considered to 

be safe under the action of earthquakes, studies pointed out failures of tunnels under the 

action of different earthquakes. Case studies, experimental studies and numerical 

modelling were done to understand the behaviour of tunnels under the action of 

dynamic loads. The studies on the presence of joints showed an increased risk of failure 

in dynamic conditions due to joint slippage. Reinforcements are used to support the 

tunnels in the field. The studies on rockbolt as a support system is mostly for dynamic 

loading and rockburst conditions. The effect of rockbolts under earthquake loading is 

given little importance. Shotcrete and liners are also used as supports. Many studies 

show the presence of cracks, spalling or breakage under dynamic loading.   

Based on the current state of the art covered in this chapter, the study of dynamic 

loading on rock joints is divided into the effect of joint properties under the action of 

stress waves, deformations of the unsupported tunnels under earthquake loading and 

the behaviour of tunnel supports under the action of earthquake loads. The propagation 

of stress waves through joints is analysed experimentally and numerically for different 

joint parameters and discussed in the subsequent chapters. The study on jointed rock 

tunnels and its support system under earthquake loading is conducted numerically and 

is also presented. 
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CHAPTER 3 

 

EXPERIMENTAL STUDY ON WAVE PROPAGATION 

THROUGH ROCK JOINTS 

 

3.1 INTRODUCTION 

Knowledge on the wave propagation through rocks is important for any construction in 

them. The wave propagation pattern and wave velocity changes with the presence of 

discontinuities. A detailed study is needed for understanding wave propagation under 

different joint conditions. Waves commonly induce low strains in rock mass while passing 

through it, except in the neighbourhood of the source (Barton, 2007).  Mostly the small 

strains acting on the rock are elastic. Different test methods are available for understanding 

the wave propagation pattern and wave velocity according to the intended strain level. Split 

Hopkinson pressure bar test (Ju et al., 2007; Wu et al. 2014; Wu et al., 2015), resonant 

column test (Fratta and Santamarina, 2002; Cha et al., 2009; Perino, 2011; Mohd-Nordin 

et al., 2014, Sebastian and Sitharam, 2014), bender element test (Sebastian, 2015) and 

ultrasonic pulse velocity test (Pyrak Nolte, 1996; Li and Pyrak- Nolte, 2010; Zhao et al., 

2006; Mollhoff et al., 2010; Huang et al., 2014; Yang et al., 2018) are the different types 

of tests used in understanding the dynamic behaviour of rocks. A rock mass with its high 

strength and stiffness is regarded to have low strain values due to the waves compared to 

soil mass (Sebastian, 2015). So, the experiment focuses on wave propagation under low 

strain conditions. Among these tests, the bender element test and ultrasonic pulse velocity 

test serves in understanding wave propagation under low strain conditions. Ultrasonic pulse 

velocity (UPV) test is a widely accepted testing mechanism which is fundamental, simple 

and reliable. The details of ultrasonic pulse velocity test (UPV) carried out on artificially 

prepared jointed rock samples are presented in this chapter. The UPV results are used to 

understand the change in wave velocity with different joints under low strain conditions. 
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The laboratory tests are done to determine the effect of joint angle, joint roughness, number 

of joints and joint spacing on the change in wave velocity. 

 

3.2 ONE DIMENSIONAL PROPAGATION OF ELASTIC STRESS WAVES 

Wave propagation across an isotropic medium is considered to be one dimensional. But 

inherently, it is never one dimensional due to the coupling of various stresses and strains. 

However, the propagation of stress along a long cylindrical object can be considered one 

dimensional under the assumptions: 

 Deformation happens only in the longitudinal direction, and torsional and lateral 

deformations are neglected. 

 Wavelengths are large compared to the diameter of the bar. 

 Each plane of cross-section always remains plane. 

 Stress over the cross-section is uniform. 

 

x

x
x


















x

x

I II

Figure 3.1: Stress acting on an element bar in longitudinal motion 

 

A thin cylindrical rod of uniform cross-section is assumed to have stress along the 

longitudinal direction does not vary over the length of the rod (Figure 3.1). For a small 

length x over the section, with a wave propagating in the longitudinal direction, stress on 

the face I is σ. The stress on the other side II will be xx  )/(  , and u  gives the 

displacement of the element. Then   being the density of the bar, according to Newton's 

law of motion 
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As the ratio of stress  and strain xu  /  is Young's modulus E , the equation changes to 
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This is the wave equation in the one-dimensional condition. Jean D' Alembert (1747) first 

gave the wave like nature of Eq. 3.2 in 1747.  The velocity of the longitudinal wave along 

the bar is 



E
cL       (Eq. 3.3) 

The solution of equation 3.2 is 

)()( xtcFxtcfu LL      (Eq. 3.4) 

Where ‘ F ’ and ‘ f ’ are functions depending on initial conditions. The function ‘f’ 

corresponds to a wave travelling in the longitudinal direction along increasing x  and F

corresponds to a wave in the opposite direction. Considering the wave travelling in the 

direction of increasing x , 

 )( xtcfu L      (Eq. 3.5) 

Differentiating both sides with respect to x and t gives 
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Solving with equations produce, 
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When Hooke’s law is applied to the equation, 
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Equation 3.9 shows a linear relation between stress and particle velocity
t

u




. A similar 

result exists for a wave travelling in the direction of decreasing x  where, 
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)( xtcFu L        (Eq. 3.10) 

Similar operation of differentiating by x  and t  will produce, 
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In these results, a particle velocity greater than zero indicated tensile stress while the 

particle velocity less than zero the stress is compressive. When a compressive wave moves 

and intersects with the free surface, it gets reflected. This reflected stress wave is tensile. 

 

3.3 FACTORS AFFECTING WAVE VELOCITY OF A ROCK MASS 

Several factors are responsible for the nature of wave propagation through a rock mass. 

Many researchers explained different parameters affecting wave propagation across a 

jointed medium. The frequency has been identified to be an important factor which affects 

the wave velocity while travelling through joints. The frequency of the propagating wave 

does not affect the wave velocity if there are no joints present in the rock. The current 

experimental study has been done only for the ultrasonic frequency of 150 kHz.  The wave 

behaviour under other frequencies is studied using numerical modelling and presented in 

Chapter 4. The major factors that are considered in the experimental study are joint angle, 

joint roughness and joint frequency. 

 

3.3.1 Joint Angle 

A wave when incident on a joint undergoes transmission and reflection. If the incidence is 

normal to the joint, the transmitted and reflected waves are also normal. However, the 

transmission pattern is much more complex when the angle of incidence is not normal to 

the joint. P wave incident on a joint at an angle gets converted to a pair of reflected and 

transmitted P wave and SV waves (Figure 3.2). These waves get further reflected from the 

sides of the sample, and the resulting waves undergo superimposition with other reflected 

and transmitted waves. This causes a change in the measured longitudinal wave velocity. 

Studies regarding the change in wave velocity with different angles of incidence were 
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studied by Pyrak-Nolte (1990), Sebastian and Sitharam (2014), Zou (2016) for a particular 

frequency range. 

 

Incident

N

Reflected

Transmitted

Joint





P wave

P wave
SV

wave

SV

wave

P wave

 

Figure 3.2: Behaviour of a wave when incident on a joint 

 

 

3.3.2 Joint Roughness 

Waves incident on a rough joint behaves similar to a wave incident on an inclined joint. 

However, rather than a single angle, each part of the joint has different angles, and hence, 

the overall behaviour of the rough joint on the wave needs to be understood. The joint 

roughness values can be represented as joint roughness coefficient (JRC) (Barton, 1973; 

Barton and Choubey 1977). The JRC value of any joint varies from 0-20, with 0 

representing a planar joint whereas 20 is the roughest joint.  Corresponding JRC values 

with respect to roughness profiles are shown in Figure 3.3. Various researchers proposed 

different methodologies for the identification, classification and evaluation the joint 

roughness (Barton, 1984; Develi and Babadagali, 1998; Belem et al., 2000; Beer et al., 

2002; Jiang et al.; 2006; Shigui et al., 2009). 
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Figure 3.3: Description of JRC by Barton and Choubey (1977) 
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Figure 3.4: Barton (1982) JRC identification chart 
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Barton (1982) established an alternative method for finding the joint roughness 

coefficient. The method uses a chart to identify the JRC using the asperity value and length 

of the joint. The combination of asperity and length of the joint provides the JRC value 

(Figure 3.4). The estimation of JRC by the graph is for a generalised length of 10 cm. The 

normalised value of JRC for a given length is provided as 

𝐽𝑅𝐶𝑛 = 𝐽𝑅𝐶𝑜 [
𝐿𝑛

𝐿𝑜
]
−0.02𝐽𝑅𝐶𝑜

     (Eq. 3.12) 

 

3.3.3 Number of Joints 

The increase in the number of joints leads to multiple transmissions and reflections.  The 

increase in the number of reflections and transmissions leads to multiple wave intersections 

and a decrease in wave amplitude. The change is not only to the wave amplitude but the 

travel time as well. This is the theory applied in ultrasonic pulse velocity test for the 

identification of cracks in concrete. Sebastian and Sitharam (2015) have also tried to 

understand the change in wave velocity for various joint numbers for long wavelengths. 

However, a lack of understanding is still prominent for the change in wave velocity for 

different frequencies as the number of joints increases. 

 

3.4 SAMPLE PREPARATION FOR UPV TEST 

The joint properties vary over small distances in the field. Thus, the study on the effect of 

these properties become important. The operations of extracting core samples without any 

disturbance are tough. Obtaining rock samples of required specification and preparation of 

corresponding joint configurations are practically difficult. So rock model materials like 

plaster of Paris, gypsum and cement have been adopted by various researchers 

(Ramamurthy and Arora, 1994; Indraratna and Haque, 2000; Cha et al., 2009; Sebastian, 

2015 and Yang et al., 2018). Gypsum is commonly used as an alternative for rock and is 

widely popular for experimental studies since it is easily available, flexible and economical. 

Cha et al. (2009), Sebastian (2015) also conducted experimental studies using gypsum 

samples to replicate the behaviour. 



47 
 

 Samples of required shape and size are made using customized moulds. Moulds of 20 

cm length with slots on the covering plate are used as shown in Figure 3.5. The slots help 

to introduce dividers and simulate the joints as required. The dividers used for making the 

joints are thin plastic sheets. Acrylic sheets of 10 mm thickness and polypropylene sheets 

of 4 mm thickness are used in the fabrication of the moulds and dividers respectively. The 

materials are adopted so that the adhesive property of the gypsum to the mould and dividers 

would be minimum along with ensuring enough strength to cast samples without any 

damage. The samples are extracted from the mould with the help of screws, as shown in 

Figure 3.5. This enables the moulds to be separated from the specimen after the sample 

hardens.  

 

 

Figure 3.5: 20 cm mould with slits and dividers 

 

The current study used capping Gypsum of grade 35. 24% of water by weight is added 

and mixed until no lumps of gypsum are present. The slurry should be of flowing 

consistency. This consistency is essential for the shaping and moulding of gypsum. The 

slurry is then transferred to the mould, and the dividers are introduced to simulate the 
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required joints. Once the sample attains its initial strength and shape, the moulds are 

removed. The sample is then set to dry at room temperature for 28 days to obtain its 

maximum strength. The density and strength properties of the material tested in the 

laboratory are given in Table 3.1.  

 

Table 3.1: Properties of the gypsum sample 

Property Value 

Density 1800 kg/m3 

Elastic Modulus 23.4 GPa 

Poisson's ratio 

Unconfined Compressive 

Strength 

0.17 

35 MPa 

 

 

3.4.1 Joint Angle 

For inclined joints, all the joint angles are placed at the centre, so that the centre of the joint 

coincides with the centre of the sample. The angle measurement is such that 0˚angle is the 

normal incidence of the wave. The joint angle is measured such that it is equal to the angle 

of incidence. The joint angle is varied from 0˚ to 60˚ with an interval of 10˚ with an 

exception of 55˚. Figure 3.6 shows the mould cover with slits for joint angles 10˚, 20˚, 55˚ 

and 60˚. Figure 3.7 shows different samples with joint angles 10˚, 20˚, 30˚ and 60˚.  It was 

ensured that the divider passed the slit with ease and reached the bottom of the mould 

without creating any voids. The same moulds are used in the preparation of samples with 

multiple joints and different joint roughness.  

  



49 
 

 
Figure 3.6: Mould caps for different joint angles 

 

 

 
Figure 3.7: Samples of different joint angles 

 

3.4.2 Joint Roughness 

Four different joint roughness profiles are adopted for the study. Dividers of varying 

roughness are introduced to simulate the rough joints at the centre of 20 cm blocks (Figure 

10˚ 20˚ 

55˚ 
60˚ 

10
˚ 

20
˚˚

30
˚

60
˚
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3.8). Figure 3.9 shows the rough joints simulated on the rocks. The JRC values are 

measured by comparison with Barton and Choubey (1977) and from the charts of Barton 

(1982) for the blocks shown in Figure 3.9. The values found by the charts are then 

converted to 5 cm length by the Eq. 3.1. Table 3.2 shows the JRC by the figure comparison 

and by the chart. 

 

 

Figure 3.8: Stirrups used in the creation of rough joints 

 

 

Figure 3.9: Blocks with different JRC values 
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Table 3.2: JRC value for different samples 

Sample type JRC by comparison 

Barton and Choubey (1977) 

JRC from chart 

Barton (1982) 

I 6-8 6.52 

II 14-16 17 

III 10-12 11.48 

IV 18-20 20.12 

 

3.4.3 Single and Multiple Joints with varying Block Size 

14

 

Figure 3.10: Samples tested for single joint 
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For samples having multiple joints, the covering acrylic plate is provided with multiple 

slots. The dividers are introduced at different positions to create the required joints. The 

slots are such that single or multiple joints can be made from the same mould. Different 

blocks of length 1, 3, 4, 5, 9, 11 and 15 cm are adopted to create different combinations. 

These blocks are combined to form single and double joints of different length. Figures 

3.10 and 3.11 shows the different block combinations for single or double jointed blocks. 

 

 

Figure 3.11: Samples tested for two joints 
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3.5 PRINCIPLES OF UPV TEST 

Ultrasonic pulse velocity test is one of the easiest and economical tests to understand the 

wave velocity. The test is based on the vibration of atoms at the atomic level called 

acoustics. The vibrations are in four principal directions that will help the wave propagate 

in four modes: longitudinal, shear, surface and plate waves. Longitudinal waves and shear 

waves are the most commonly used for testing in laboratories. 

Display Unit

Cables

or

Recievers

Transducers

 

Figure 3.12: Schematic diagram for an ultrasonic wave test 

Electric pulses of controlled energy are generated by the pulser, which is converted in 

the ultrasonic transducer (Figure 3.12). The pulse length and shape can be controlled using 

the display and control unit.  The signals are normally positive half wave, negative half 

wave or full wave of a given frequency. In longitudinal waves, the vibrations occur in the 

direction of the wave transmission. And as for shear waves, the vibrations occur 

perpendicular to the direction of wave transmission. For any given material, the 

longitudinal and shear wave velocities are a constant and does not depend on the amplitude 

of the wave as long as the wave amplitude is in its elastic range. The wavelength and 

frequency of the wave hold a relation with the wave velocity as 

vf          (Eq. 3.2) 

where,   is the wavelength, f  is the frequency and v  is the wave velocity. The velocity 

of a wave propagating through a material depends on the strength moduli and density of 

the material.  The velocity of the propagating waves can be obtained by the following 

expression: 
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

E
vp          (Eq. 3.3) 



G
vs          (Eq. 3.4) 

where pv  is longitudinal wave velocity  

 
sv  is shear wave velocity  

 E  is the elastic modulus of the material 

 G  is the bulk modulus of the material 

   is the material density 

As the wave is transmitted through a joint, a part of energy contained by the wave also 

gets attenuated.  In this process of wave attenuation, a time delay occurs in transmission 

and brings a change in wave velocity. The receiver transducers record the arrival time and 

amplitude of the pulses, which helps in analysing the wave propagation pattern. The 

measurement of velocity in an ultrasonic pulse velocity test is by checking the arrival time 

of waves.  The length of the block, when divided by the travel time, calculates the wave 

velocity. Popular methods in the calculation time travel are the first arrival time method, 

peak to peak method and cross-relation method (Viggiani and Atkinson 1995, Arulnathan 

et al. 1998, Chan 2010). In the current study, the first arrival time method is used and is 

shown in Figure 3.13 It is preferred over the other methods due to its ease of calculation, 

and the inaccuracy of peak to peak method, where choosing the right peak plays a major 

role in understanding the wave velocity. First arrival time method calculates the travel time 

as the point where the signal starts to show and leaves the time axis. Since the frequency 

under consideration is ultrasonic, the effect of near field errors is less likely to happen 

(Bringnoli et al., 1996; Viggiani and Atkinson, 1995; Arulnathan et al., 1998; Lee and 

Santamarina, 2005; Patel et al., 2010).  
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Figure 3.13: Measurement of first arrival and peak to peak arrival 

 

3.6 UPV TEST SETUP AND TEST PROCEDURE 

The experimental study was conducted using ultrasonic pulse velocity tester manufactured 

by Proceq PunditLab+. The machine consists of a pair of transducers (of various sizes with 

different input voltage), 2 BNC cables, couplant, calibration rod, battery charger with USB-

cable and data carrier with software (Figure 3.14). The test works on the principle of 

identifying the travel time of the waves across the distance, which will give the velocity of 

the wave in the medium. The frequency of the pulse generated in this test, by the machine 

will be in the range of 20 kHz to 500 kHz. Also, the amplitude of the input pulse can be 

adjusted by changing the input voltage. The available codes for the test are ASTM C 597-

02, ASTM D 2845 and IS 13311 (1992). In the current study IS 13311(1992) has been 

followed The complete test setup in diagram is presented in Figure 3.15. Longitudinal 

waves iare produced using transmission probes at an input voltage of 500V. Before the test 

is carried out, the equipment needs to be calibrated using the calibration rod provided by 

the manufactures for the given travel time of 25µs. 
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Figure 3.14: Ultrasonic pulse velocity (UPV) test device 

 

 

Figure 3.15: Ultrasonic pulse velocity (UPV) test setup 

.  
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3.7 RESULTS FROM EXPERIMENTAL STUDY 

The results of the tests are obtained using dedicated software. The output wave signals 

obtained from the screen, provide information regarding travel time, the amplitude and 

shape of the arrival wave. First arrival time method is used in the velocity calculation 

throughout the thesis. Figure 3.16 shows the experimental procedure. The ultrasonic tests 

are conducted so as to analyse the variation of wave velocity according to the different 

types of joints. Block samples of length 20 cm are used for the experimental studies to 

understand joint angle and joint roughness. For both the conditions, the joint is positioned 

at the centre of the sample. Samples with joint angles 0˚, 10˚, 20˚, 30˚, 55˚ and 60˚ are 

studied. And the joint roughness of 0, 6.5, 11.5, 17 and 20 are studied. To understand the 

effect of number of joints, different block sizes and varying joint positions studies of blocks 

with multiple joints are conducted. The summary of the joints studied is provided in Table 

3.3. The intact wave velocity is also measured for all intact samples.  

 

 

Figure 3.16: Experimentation using ultrasonic pulse tester 
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Table 3.3: Laboratory test program  

Test 

Sample 

Block 

length 

Joint 

Angle 

Joint 

Roughness 

Number 

of Joints 

Position of 

1st joint 

Position of 

2nd  joint 

1 20 cm 0 0 1 10 cm - 

2 20 cm 10 0 1 10 cm - 

3 20 cm 20 0 1 10 cm - 

4 20 cm 30 0 1 10 cm - 

5 20 cm 55 0 1 10 cm - 

6 20 cm 60 0 1 10 cm - 

7 20 cm 0 0 1 10 cm - 

8 20 cm 0 6.5 1 10 cm - 

9 20 cm 0 11.5 1 10 cm - 

10 20 cm 0 17 1 10 cm - 

11 20 cm 0 20 1 10 cm - 

12 40 cm 0 0 1 20 cm - 

13 35 cm 0 0 1 15 cm - 

14 26 cm 0 0 1 11 cm - 

15 31 cm 0 0 1 11 cm - 

16 29 cm 0 0 1 9 cm - 

17 21 cm 0 0 1 1 cm - 

18 41 cm 0 0 2 20 cm 21 cm 

19 43 cm 0 0 2 20 cm 23 cm 

20 44 cm 0 0 2 20 cm 24 cm 

21 45 cm 0 0 2 20 cm 25 cm 

22 49 cm 0 0 2 20 cm 29 cm 

23 51 cm 0 0 2 20 cm 31 cm 

24 55 cm 0 0 2 20 cm 35 cm 

 

3.7.1 Intact wave velocity 

The compression and shear wave velocities are constant for a given medium. Waves 

propagate through any given material. Different blocks of various lengths are obtained to 

understand the longitudinal wave velocity of the samples. Figure 3.17 (a) and (b) shows 

the wave propagation pattern obtained at the receiver transducer from a 20 cm and 9 cm 

sample respectively. The intact wave velocity of the sample is found to be 3871 m/s from 

the tests on different intact blocks. This wave velocity of intact sample (
iV ) is used for 
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comparing and understanding the change in longitudinal wave velocity while propagating 

through samples in which different types of joints exist. 

 

(a)  

 

 

(b)  

Figure 3.17: Wave propagation obtained at the receiver transducer for an intact sample 

(a) 20 cm length (b) 9 cm length 

 

 

 

 

3.7.2 Effect of Joint Angle 

Samples of length 20 cm with different joint angles, as shown in Figure 3.5 are studied in 

the laboratory. The joint angle is varied from 0˚ to 60˚ with respect to normal, as shown in 

Figure 3.18. Figure 3.19, 3.20 and 3.21 shows the typical wave traces obtained from the 

UPV tests carried out at different joint angles. Figures 3.19, 3.20 and 3.21, when compared 

to Figure 3.17, shows a multiple interferences pattern, and the waves undergo multiple 

reflections. This also indicates an increase in the travel path which leads to an increase in 

the wave arrival time.  The wave arrival time obtained from the testing device is used to 

obtain the wave velocity, as shown in Table 3.4. A normalised value of wave velocity as 

the ratio of longitudinal wave velocity through the joint (Vj) with respect to intact wave 

velocity (Vi) is also provided.  From Table 3.4, an increase in wave velocity is observed as 

the joint angle increases beyond 50˚. The increase in wave velocity with the increase joint 

angle was also observed by Pyrak Nolte et al. (1990). This increase in wave velocity is 
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described as the change in phase as the wave passes through the joint, which leads to a 

decrease in travel time with different joint positions.  

 

Incident

N

Reflected

Transmitte

d

Joint





10 cm

20 cm

5 cm

 

Figure 3.18: Joint and joint angle in the block 

 

Table 3.4: Longitudinal wave velocity values for different joint angles. 

Joint Angle  

(o) 

Longitudinal wave velocity 

(m/s) 








i

j

V

V
 

10 3298  0.85  

20 2301  0.59  

30 2667  0.69  

55 3221  0.83  

60 3683  0.95  

 

 

 

Figure 3.19: Wave propagation obtained at the receiver transducer for 10˚ angle 
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Figure 3.20: Wave propagation obtained at the receiver transducer for 55˚ angle 

 

 

Figure 3.21: Wave propagation obtained at the receiver transducer for 60˚ angle 

 

3.7.3 Effect of Joint Roughness Coefficient 

Limited studies have been done by researchers using different experimental methods to 

understand the effect of roughness on the wave propagation (Kahraman, 2002; Cha et al., 

2009, 2013; Mohd-Nordin et al., 2014; Chen et al., 2016). The UPV testing is conducted 

in blocks of 20 cm, as shown in Figure 3.9. The longitudinal wave velocity obtained for 

different JRC samples is given in Table 3.5. It can be seen that the longitudinal wave 

velocity decreases with an increase in joint roughness. The increase of joint roughness 

increases the total joint surface area and reduces the contact area which in turn reduces the 

contact stiffness and thus decreases the longitudinal wave velocity. This variation in 

longitudinal wave velocity with JRC is found to be very small when studied for the high 

frequency which might be due to its high energy content. Similar results were observed by 

Kahraman (2002) and Mohd-Nordin et al. (2014). 

 

 

 



62 
 

Table 3.5: Longitudinal wave velocity for blocks with different joint roughness 

JRC 

(Barton, 

1982) 

Longitudinal wave velocity (m/s) 










i

j

V

V
 

Sample 1 Sample 2 Average 

6.5 3811 3809 3810 0.98 

11.5 3799 3793 3796 0.97 

17.0 3781 3781 3781 0.96 

20.0 3610 3670 3643 0.94 

 

3.7.4 Effect of Block Size and Number of Joints 

A seismic wave passing through rock mass encounters multiple joints, and therefore, the 

effect of joint frequency on longitudinal wave velocity need to be understood. The study 

has been experimentally conducted for single and double joints. The study also attempted 

to understand the variation of longitudinal wave velocity with the different joint spacing 

and block length. Various block size combinations are used for the study. Different block 

combinations as given in Table 3.3 are used for the study. Longitudinal wave velocity for 

different joint combinations is presented in Table 3.6 and 3.7 for different block lengths 

and joint position. 

Table 3.6: Longitudinal wave velocity for blocks with single joint 

Length of blocks (cm) Longitudinal wave 

velocity (m/s) 








i

j

V

V
 

Block 1 Block 2 

20 20 3544 0.92 

15 20 3529 0.91 

11 15 3489 0.90 

11 20 3512 0.91 

9 20 3434 0.89 

1 20 3382 0.87 
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It can be found from Tables 3.3 and 3.6 that a reduction in longitudinal wave velocity 

occurs with an increase in the number of joints.  However, a clear understanding on the 

effect of joint spacing could not be obtained from this study as the study is conducted for 

a single frequency. The variation of joint spacing value with respect to the wavelength of 

the applied ultrasonic pulse is relatively small. To understand the effect of frequency, a 

numerical study is done and discussed in the next chapter. 

Table 3.7: Longitudinal wave velocity for blocks with two joints 

Length of blocks (cm) Longitudinal wave 

velocity (m/s) 








i

j

V

V
 

Block 1 Block 2 Block 3 

20 1 20 3198 0.83 

20 3 20 3118 0.81 

20 4 20 3235 0.84 

20 5 20 3286 0.85 

20 9 20 3221 0.83 

20 11 20 3271 0.85 

20 15 20 3246 0.84 

 

3.8 SUMMARY 

 The strains induced by the waves on the rock mass is usually small unless it is very near 

to the source. The wave propagation through rock mass gets affected by various joint 

parameters. This chapter attempted to understand the effect of various joint parameters like 

joint angle, joint roughness and joint frequency on the wave velocity in the ultrasonic range. 

The UPV tests are conducted in the laboratory with artificially prepared rock specimens. 

The samples are incorporated with joint angles, namely 0˚, 10˚, 30˚, 55˚ and 60˚. The joint 

angles are equal to the angle of incidence of the wave. The longitudinal wave velocity is 

observed to decrease initially from 0˚ to 10˚and as the joint angle is changed from 10˚ to 

55˚, no significant change in the wave velocity is observed. However, the wave velocity 

suddenly increased as the joint angle is 60˚. This is explained to be due to the effect of 

phase change by Pyrak Nolte et al. (1990). To understand the effect of joint roughness on 
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wave velocity, tests are conducted with different roughness profile corresponding to 

different joint roughness coefficients (JRC). The longitudinal wave velocity is found to 

decrease with the increase in joint roughness as the contact area between the joints 

decreases, leading to a decrease in joint stiffness. The number of joints also affect the 

velocity of a wave transmitted. The study also attempted to understand the variation in 

wave velocity with the increase in the number of joints. The longitudinal wave velocity is 

found to decrease with increasing joints. The study helps to understand the wave velocity 

through rock mass and the corresponding influence by various joint characteristics. The 

experimental study is constrained with the frequency and block size ranges.  
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CHAPTER 4 

 

NUMERICAL ANALYSIS OF WAVE PROPAGATION IN 

JOINTED ROCKS 

 

4.1 INTRODUCTION  

The experimental studies on wave propagation in jointed rock mass have certain 

limitations, especially while trying to understand the behaviour of jointed rock mass over 

a wide range of wave frequencies and rock joint parameters. The numerical modelling 

techniques have gained widespread attention in understanding the behaviour of wave 

propagation. Different numerical methods namely, finite element method, finite difference 

method, boundary element method, discrete element method are available. The choice of 

each modelling tool depends on the problem under consideration.  

As seen from the literature, studies on wave propagation along joints are mainly 

conducted using the discrete element method. The ease in the modelling of joint and joint 

properties resulted in this popular choice. Universal Distinct Element code (UDEC) (Cai 

and Zhao, 2000; Zhao et al., 2008; Eitzenberger, 2012), 3-Dimensional Distinct Element 

code (3DEC) (Sebastian, 2015) and Particle Flow Code (PFC) (Resende, 2010) are the 

commonly used numerical tools in the studies. Due to its efficient computation of jointed 

rock mass, Universal Distinct Element code (UDEC) is used in the the present study. This 

chapter tries to extend the experimental studies from chapter 3 for a wider range of wave 

frequencies, block size and number of joints. The effect of each of these parameters on 

wave velocity is studied and relations to predict the longitudinal wave velocity for different 

joint conditions have been discussed and presented in this chapter. 
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4.2 MODELLING OF WAVE PROPAGATION OF JOINTED ROCK MASS BY 

DISCRETE ELEMENT METHOD 

The capability of UDEC in successful modelling of jointed rock mass with one-

dimensional wave propagation has been established by Chen and Zhao (1998), Cai and 

Zhao (2000), Zhao et al., (2006, 2008),  Zhu et al., 2012, Chai et al., (2016).  In the current 

numerical model, each block is considered to be a continuum and analysed using finite 

difference method by constant strain triangles and the joints using boundary conditions. 

For the accurate representation of wave propagation, Kuhlemeyer and Lysmer (1973) 

recommended the size of the elements to be smaller than 1/10th to 1/8th of the wavelength 

associated with the highest frequency component of the input wave.  

∆l ≤
1

10
λ      (Eq. 4.1) 

where, ∆l is the size of the element and  is the wavelength associated with the highest 

frequency. A step by step stress relaxation technique is adopted in the numerical analysis, 

which alternates between Newton's equation of motion and stress displacement law. The 

calculation cycle mainly depends on the assumption of the blocks as rigid or deformable 

(Figure 4.1). In rigid, the force and displacement calculations for the blocks are carried out 

at the centre of the block. The force and motion is calculated as 

Fi = ∑ Fi
c     (Eq. 4.2) 

ṻ =
Fi

m
      (Eq. 4.3) 

where, Fi
c is the force at the contact interface and m is the mass of the block under 

consideration. In the case of deformable blocks, the analysis is conducted for each zone 

element. The motion of each vertex of the triangular zone (gridpoint) is calculated by 

considering a Gaussian surface along the block 

ṻ = gi +
1

m
∫ σijnj ds + Fis

      (Eq. 4.4) 
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where, s is the surface enclosing the mass, m  lumped at the gridpoint, iF  is the resultant of 

all the external forces applied to the gridpoint (which will be zero in case of static 

condition), in  is the unit normal to s , ig  is the acceleration due to gravity.   

t := t+Δt
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relation at

conacts

Equation of
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Figure 4.1: Calculation cycle of UDEC (Adopted and redrawn from Hart, 1993) 

 

 This modelling method has a shortcoming while calculating the contact overlap and 

joint contacts, known as contact overlap error. The interaction and the loading between 

adjacent blocks play a crucial part in the behaviour of joints. These contact interactions are 

determined by the minimum distance between the adjacent blocks, which is numerically 

established. The contact type, maximum gap and sliding plane of joints are determined by 

a contact detection algorithm. The joint stiffness defined between the blocks in normal and 
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tangential directions determine the mechanical calculations done at contacts as in Figure 

4.1. The interaction forces developed in the normal and tangential directions (Fn and Ft) at 

the contact points determine the relative displacements these blocks shall undergo (un and 

ut). 

∆Fn =  Kn∆un                                                       (Eq. 4.5) 

∆Ft =  Kt∆ut                       No Slip                                     (Eq. 4.6) 

∆Ft =  ∆Fntan∅             Slippage                                     (Eq. 4.7) 

The contact surfaces may be a vertex-to-edge contact or an edge-to-edge contact 

(combination of numerous vertex-to-edge contacts). A linear or nonlinear constitutive 

model can express slippage between the contact surfaces such as the Mohr-Coulomb 

model, the continuously yielding model or the Barton-Bandis model. The stress-

displacement relation for simple Coulomb friction for these contacts are established as 

∆σn =  kn∆un                                                     (Eq. 4.8) 

∆σt =  kt∆ut                       No Slip                                        (Eq. 4.9) 

∆σt =  ∆σntan∅             Slippage                                    (Eq. 4.10) 

The term ∆un represents the interpenetration of the adjacent blocks in the normal direction, 

known as contact overlap. Cohesion is always assumed to be zero when slippage occurs. 

The numerical simulation of any geomechanics problem, requires assigning proper 

boundary conditions. In dynamic conditions, when wave propagation studies are carried 

out, boundaries should aid the arrangement of wave reflection or transmission as required. 

In this study, the boundaries are not supposed to reflect the waves coming on the ends of 

the block, as this would create mutual interference. Quiet boundaries are adopted as it 

absorbs all the incoming waves and creates no reflections. 

 

4.3 MODEL VALIDATION STUDY 

The theoretical solution of Myer et al. (1990) is used to compare and validate the numerical 

model. The ratio of the transmitted or reflected wave to the incident wave is called 
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transmission coefficient or reflection coefficient respectively. The magnitude of these 

coefficients is defined by many researchers (Schoenberg, 1980; Pyrak-Nolte et al., 1990; 

Cai and Zhao, 2000). Pyrak-Nolte et al. (1990) observed that specific stiffness is the most 

relevant parameter that determines the seismic properties of the fracture since it gives the 

quantitative description of mechanical coupling between two fractures affecting wave 

transmission. Specific stiffness was hence used by most researchers to understand 

transmission and reflection coefficients. The variation of stiffness value determined the 

behaviour of the joint as open joint, welded joint or non-welded joint. When the joint 

stiffness is zero, the joint behaves as an open joint, where the wave incident on the joint is 

fully reflected, and no transmission takes place. As the joint stiffness increases, the joint 

behaves like a non-welded joint, where partial transmission and partial reflection occurs. 

As the stiffness value increases, the transmission increases and the reflection decreases. 

When the joint stiffness further increases reaches a value equivalent to the elastic modulus, 

the transmission coefficient reaches a value near one, while the reflection coefficient 

reaches a value near zero. Myer et al. (1990) defined the equation for seismic coefficients 

for non-welded joint as, 

2

1

2

2

2

4

)(



































z

R         (Eq. 4.11) 

2

1

2

2

2

4

4

)(














































z

z
T         (Eq. 4.12) 

Where, )(R  is the reflection coefficient, )(T is the transmission coefficient, is the 

angular frequency,   is the specific stiffness and z  is the joint impedence. 
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Figure 4.2: Representative numerical model for wave propagation in the block 

 

The numerical model as shown in Figure 4.2 is used to understand the wave propagation 

across single jointed rock mass. The rock mass considered is 600 m long and 1 m wide 

with a joint at the centre. The ends of the block are provided with quiet boundaries to avoid 

wave reflections, and the sides to the direction of propagation are provided with roller 

supports to assist the propagation of waves. The material model considered is elastic while 

the joints are assigned to follow the Coulomb slip condition. These material properties will 

allow in understanding the effect of waves on joints and avoid the consideration of block 

deformation and plasticity. 

 The block is assigned with the material properties of Bukit Timah granite of Singapore 

having density 2650 kg/m3, bulk modulus 56 GPa and shear modulus 36.9 GPa (Zhao et 

al., 2008). The joint shear stiffness and friction angle are 1 GPa and 45º, respectively. The 

joint normal stiffness is varied from 1 GPa/m to 15 GPa/m. The stress input of 1 MPa is 

applied as a longitudinal wave along the length of the block. A sine wave with frequency 

50 Hz is applied as input at one end of the block, as shown in Figure 4.2.  

The monitoring points are fixed to obtain the wave propagation pattern at 10 m from the 

start point and at 10 m from the joint location as shown in Figure 4.2. As the stress wave 

travels through the block and the joint, a part of the wave is transmitted while a part of the 

wave is reflected when it is incident on the joint. Figure 4.3 shows the incident, transmitted 

and reflected waves for joint stiffness 2 GPa/m and 15 GPa/m, respectively. It can be seen 

that with the increase in joint stiffness, the amplitude of the transmitted wave increased and 

the reflected wave decreased. When the joint stiffness is 2 GPa/m, the value of transmitted 

and reflected waves are similar. As the joint stiffness is increased to 15 GPa/m, the 
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transmission increases and reaches a value equivalent to the incident wave while the 

amplitude of reflected wave decreases.  
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Figure 4.3: Incident, transmitted and reflected wave for joint normal stiffness as obtained 

from numerical analysis (a) 2 GPa/m (b) 15 GPa/m 
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Figure 4.4: Theoretical and numerical results for transmission coefficient and reflection 

coefficient 
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Figure 4.4 shows the variation of transmission and reflection coefficient for different 

joint stiffness values by theoretical solution (Eq. 4.11 and 4.12) as well as from the 

numerical model. This curve represents the variation in transmission and reflection 

coefficients from an open joint to the welded joint through a non-welded joint as the 

stiffness value changes. It can be seen that the transmission coefficient increases with an 

increase in joint stiffness. At zero joint stiffness, the joint behaves as an open joint; the 

whole waves are reflected while no portion of the wave transmits. When the reflection 

coefficient is unity; the transmission coefficient is zero. As the joint stiffness is increased, 

an exponential increase in the transmission coefficient and an exponential decrease in 

reflection coefficient can be seen. After an exponential increase, the joint starts acting like 

a welded joint and the increase in transmission coefficient is negligible. The transmission 

coefficient reaches near unity while reflection coefficient is near zero. 

 

4.4 PARAMETRIC STUDY USING  NUMERICAL MODEL 

The numerical model is also validated using the experimental studies on joint angle and 

joint roughness from chapter 3. Further to carry out parametric studies a distinct element 

model with 20 cm length and 5 cm in width as shown in Figure 4.5 is considered. The 

material, joint and boundary conditions used in the study is similar to that of the validated 

model. The properties of Capping Gypsum found using laboratory experiments are used in 

numerical modelling, and the corresponding joint properties are obtained using Eq. 4.11 

and 4.12 (Table 4.1). A longitudinal wave is applied as a stress input, with the wave 

amplitude much less than the strength of the block. Monitoring points are assigned at both 

ends of the block to understand the wave propagation time and arrival time. Damping is 

not considered in the study, assuming that most of the wave attenuation happens at the 

joint, and no attenuation happens when the wave propagates through the block. The 

analysis with intact blocks are performed, which is found to compare well with the 

experimental results. No variation in the longitudinal wave velocity is occurring with 

frequency change in an intact block. 
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Figure 4.5: Numerical model configuration 

 

The effect of frequency during dynamic loading is studied within the elastic range. In earlier 

studies, the effect of cut off frequency was described based on normalised joint stiffness parameters 

(Pyrak-Nolte et al., 1990). Most of the earlier studies focussed on the variation in longitudinal 

wave velocity with respect to the variation in the ratio of joint stiffness to impedance (k/z). In the 

present study, the joint stiffness and impedance are considered constant to keep the study focussed 

on the effect of wavelength, joint orientation, joint roughness, joint position and block size. 

Table 4.1: Joint Properties considered in numerical modelling 

Property Value 

Joint Friction 35° 

Joint Cohesion 0.5 MPa 

Joint Normal Stiffness 10 GPa 

Joint Shear Stiffness 2.25 GPa 
 

 

4.4.1 Joint Angle 

The effect of joint angle on the longitudinal wave velocity test has been described in the 

experimental study using ultrasonic pulse velocity test. The study using ultrasonic pulse 

velocity test for various joint angles are done on a block of 20 cm length. Angle 

measurement is such that 0˚angle is the normal incidence of the wave. The joint angle is 

measured such that it is equal to the angle of incidence. The joints are positioned such that 

the centre of the joint passes through the centre of the block. The study on the effect of 

angle is analysed using experimental and numerical analysis. For the experimental study, 

a block of 20 cm is used, and spacers are introduced at the centre of the block at angles 0˚, 
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10˚, 30˚, 45˚and 60˚. The numerical study is done on a numerical model, as in Figure 4.5.  

The joint angle θ is varied from 0˚ to 70˚ for the numerical study for every 10˚ change. The 

90˚ angle of incidence will represent a horizontal (parallel) joint and is not considered for 

analysis.  
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Figure 4.6: Comparison of longitudinal wave velocity from UPV test and UDEC for 150 

kHz frequency 

 

Figure 4.6 shows the comparison of the change in longitudinal wave velocity over 

different joint angles in 20 cm blocks for experimental and numerical studies. A sudden 

decrease in the wave velocity is observed as the angle is changed from 0˚ to 10˚. With ta 

further increase in joint angle from 10˚ to 50˚, the longitudinal wave velocity is found to 

be a constant. For angles greater than 50˚, a steady increase in the longitudinal wave 

velocity is seen, which is greater than the intact wave velocity. This increase is because the 

angle of incidence reaches the critical angle of refraction which leads to a phase difference 

in the transmitted waves. Pyrak-Nolte et al. (1990) observed similar results for longitudinal 

wave velocity for a set of joint inclinations from 0º to 90º and different normalised joint 

stiffness values. The sudden decrease in longitudinal wave velocity is justified as a result 



75 
 

of the increase in travel length. Based on their study, the increase beyond the intact wave 

velocity was due to the change in the phase of the wave which leads to a decrease in the 

time delay.  
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Figure 4.7: Variation of Vj/Vi with the change in joint angle for a frequency range of 1 

Hz to 500 kHz 

 

The study is further extended using numerical model to understand the variation in 

longitudinal wave velocity for other frequencies. Figure 4.7 shows the variation in the ratio 

of longitudinal wave velocity through joints and longitudinal wave velocity through intact 

blocks 









i

j

V

V
as the joint angle is varied from 0º to 70º for the frequency range from 1 Hz 

to 500 kHz. The initial decrease in longitudinal wave velocity as the joint angle changes 

from 0º to 10º occurs when the incident wave frequency is in the ultrasonic range. The 

increase in longitudinal wave velocity with an increase in joint angle can be attributed to 

the multiple reflections and interferences the wave undergoes. The analysis observes a 
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change in the variation of 

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
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

i
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V

V
 according to the Eq. 4.13, for a jointed block. Table 4.2 

shows the values of dimensionless constants A1, A2 and constants B1 and B2  with the degree 

as the unit for each frequency range. 
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Table 4.2: The value of constants for different frequency range 

Frequency 1A  
2A  

1B  
2B  

>20 kHz 0.89 1.12 67.71 0.47412 

20 Hz-20kHz 0.1652 0.2229 11.9066 4.7187 

<20 Hz 5.45x 10-5 1.269 54.63 0.723 

 

The variation in the longitudinal wave velocity is found to follow Eq. 4.13 with the 

constants varying according to the frequency range, as shown in Table 4.3. For v 

frequencies above 100 kHz, there is an increase in longitudinal wave velocity when the 

joint angle is greater than or equal to 60º. Similar response of longitudinal wave velocity 

is observed at lower frequencies in the range of 1 Hz to 100 Hz also. However, it is noticed 

that as the frequency decreases from 100 Hz to 1 Hz, the effect of the joint angle is more 

critical. An increase in wave velocity can be observed even below 60º for 1 Hz and 10 Hz. 

However, for intermediate frequency, a sudden increase in the longitudinal wave velocity 

is not observed after 60º. An increase of longitudinal wave velocity for a higher frequency 

ranges is also observed by Pyrak Nolte et al. (1990) and Sebastian (2015).  

 

4.4.2 Joint Roughness Coefficient 

 The study by UPV testing conducted on blocks of 20 cm is extended with numerical 

modelling. The roughness profiles are extracted from the digitized images of gypsum 
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blocks used in the experimental studies and corresponding numerical models are also 

developed. Figure 4.8 shows the image of numerical model for a joint roughness in the 

range 6-8. Figure 4.9 shows the variation of 









i

j

V

V
 with an increase in joint roughness 

value. It can be seen that the longitudinal wave velocity decreases with an increase in joint 

roughness.  

Figure 4.8: Numerical model with JRC value 6-8 
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The increase of joint roughness leads to an increase in the total joint area. Therefore, the 

decrease in longitudinal wave velocity can be attributed to the increase in the contact area, 

which leads to a reduction in contact stiffness. The variation 




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



i

j

V

V
 for the frequency of 

150 kHz is found to decrease slightly with increase in JRC  according to the quadratic 

equation 

2)(00022.00013.0998.0 JRCJRC
V

V

i

j











              (Eq. 4.14) 

This variation in longitudinal wave velocity with JRC is found to be very small when 

studied for the high frequency which might be due to its high energy content. A similar 

result in the reduction of wave velocity with an increase in JRC value was observed by 

Kaharman (2002) and Mohd-Mordin et al. (2014). A parabolic relation between 

longitudinal wave velocity and joint roughness is observed by Kahraman (2002).  

 

4.4.3 Block Length 

Although the wave propagation pattern across different sample sizes has been studied by 

various researchers independently, the actual effect of the sample size is hardly analysed 

(Cai and Zhao, 2000; Sebastian, 2015). In the present study based on the numerical model, 

the effect of the block length, LB with a centrally located joint is studied for a longitudinal 

wave propagating through the joint. Different blocks of length 0.2 m, 0.4 m, 1 m, 1.5 m, 2 

m, 10 m, and 600 m are used in the study. For each block length, the variation of 

longitudinal wave velocity for a range of frequencies ranging from 1 Hz to 150 kHz is 

analysed. Figure 4.10 and 4.11 shows the variation of longitudinal wave velocities with 

frequency and wavelength for all block sizes. It can be noticed from Figure 4.10 that at 

lower frequencies, the effect of block length is predominant. As the block length increases, 

the longitudinal wave velocity increases. From Figure 4.11, it can be seen that this variation 

is an effect of block size and wavelength   of the longitudinal wave. 
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Figure 4.10: Variation of longitudinal wave velocity with frequency for different block 

sizes 
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Figure 4.11: Variation of longitudinal wave velocity with wavelength for different block 

sizes 
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Figure 4.12: Variation of longitudinal wave velocity with change in wavelength to block 

length ratio 
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Figure 4.12 shows the variation of longitudinal wave velocity with a change in the ratio 

of wavelength to block length. A sudden change in longitudinal wave velocity can be seen 

when the ratio of wavelength to block length is equal to one. The value of the longitudinal 

wave velocity is higher and comparable to intact wave velocity when the ratio of λ/LB is 

less than one. And a sudden decrease in wave velocity by 75% happens when the ratio λ/LB 

is more than 1. This creates an important effect in the study with the measurement of 

longitudinal wave velocity especially through a joint. If the block length of the measured 

sample is not higher than the wavelength, then the value of longitudinal wave velocity will 

be much lower than the longitudinal wave velocity of the intact sample. A function of block 

length and wavelength is observed to follow an exponential relation, as shown in Figure 

4.13. For a given block size and wavelength, 






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V
 is found to follow the relation,  
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     (Eq. 4.15) 

 

4.4.4 Joint Position 

The effect of joint position on the longitudinal wave velocity has been studied by using 

numerical study for two block lengths of 2 m and 10 m. The joint position is varied over 

the length of the block. For the 2 m block, the joint position is changed from 0.2 m to 1.8 

m with an increment of 0.2 m for each analysis. Similarly, 10 m block is analysed at joint 

positions 2 m, 5 m, 7m and 9 m. Figure 4.14 and 4.15 shows the variation of longitudinal 

wave velocity with the change in frequency for different joint positions. It is seen that at 

higher and lower frequencies, the positions of the joint play minimal effect. However, at 

intermediate frequencies of 100 Hz to 10 kHz, the variation of longitudinal wave velocity 

for the various joint positions are evident. 
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Figure 4.14: Variation of longitudinal wave velocity for 2 m block with change joint 

positions from 0.2 m to 1.8 m 

 

1 10 100 1000 10000 100000
0

500

1000

1500

2000

2500

3000

3500

4000

L
o

n
g

it
u

d
in

al
 w

av
e 

v
el

o
ci

ty
(m

/s
)

Frequency (Hz)

 2m

 5 m

 7 m

 9 m

L
B
 = 10 m

L

 
Figure 4.15: Variation of longitudinal wave velocity for 10 m block with change in joint 

position from 2 m to 9 m 
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A sudden shift in longitudinal wave velocity occurs when the joint position is half the 

wavelength of the applied longitudinal wave velocity. Longitudinal wave velocity of the 

transmitted wave shows a sudden decrease when the joint position is equal to half the 

wavelength. However, once the wavelength is more than the position of the joint from the 

source, the longitudinal wave velocity pattern is reversed. This might be due to the 

surpassing of a complete crust/ trough of the wave at the joint position. The longitudinal 

wave velocity pattern is reverted. The steep change of longitudinal wave velocity in the 

joint is a function of the wavelength and joint position. At high frequency, when the 

wavelength is smaller than joint position, longitudinal wave velocity is lowest for the 

nearest joint and increases with distance. However, this is reversed when the wavelength 

is smaller than the joint position. When λ is greater than L, the longitudinal wave velocity 

will be slightly higher for higher (
BLL / ) ratio. However, when λ is less than L, longitudinal 

wave velocity of higher (
BLL / ) will be comparatively lower. This can be observed in 

Figures 4.14 and 4.15. The distance to the joint in comparison with longitudinal wave 

velocity through joint and through intact rock for various wavelength can be given as: 



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j

V
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
   (Eq. 4.16) 

 

4.4.5 Number of joints 

The presence of rock mass with just one joint is scarce. The behaviour of the wave changes 

as it propagates through each joint. So understanding the effect of multiple joints in wave 

velocity will help us in determining the wave behavior in a rock mass and also estimating 

the number of joint sets. Assuming here that the joints are all evenly spaced, the effect of 

wave propagation with the number of joints are studied. In this section, the effect of an 

increasing number of equally spaced joints on the longitudinal wave velocity is analysed 

for different wave frequencies. For this, a numerical study is conducted on a block of length 

10 m. The number of joints is increased from 1 to 99, as shown in Figure 4.16.  
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Figure 4.16: Variation of longitudinal wave velocity with the increase in number of 

equidistant joints 
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Figure 4.17: Variation of Vj/Vi with ξ 
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 It can be seen from Figure 4.17 that at very high frequencies with an increase in number 

of joints, longitudinal wave velocity decreases. However, the effect of number of joints at 

low frequencies is not significant as λ/s value at low frequency will be higher than 1 under 

most circumstances. The reduction of longitudinal wave velocity for an increase in λ/s 

value is also observed by Sebastian and Sitharam (2016).  

A parameter ξ is used to represent the spacing to wavelength ratio by Cai and Zhao 

(2000), where the spacing between the joints are equal. An exponential increase in the ratio 

of longitudinal wave velocity to intact wave velocity for change in spacing to wavelength 

ratio for equally spaced joints is found (Figure 4.17). The relation can be represented as 
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4.4.6 Multiple Parameters 

The variation of longitudinal wave velocity as a function of the multiple parameters has 

been analysed to obtain a unified relation. Different functions correlating different 

parameters have been introduced. Cai and Zhao (2000) explained the importance of a 

critical and threshold value in the variation pattern of transmission coefficient in joints with 

multiple fractures with a change in the ratio of fracture spacing to wavelength. The value 

of transmission coefficient was found to decrease with an increase in the number of joints. 

A decrease and constant value followed an increase in the magnitude of transmission 

coefficient after attaining an individual peak transmission coefficient, which depended on 

the joint spacing to wavelength ratio.  

Similarly, for each frequency, a critical and threshold value for joint spacing to block 

length is observed, as shown in Figure 4.18. A minimum value of longitudinal wave 

velocity exists for the given normalised joint stiffness at each frequency, which is called 

the critical spacing to block length ratio. And for each frequency, a certain ratio of joint 

spacing to block length exists after which the longitudinal wave velocity is a constant called 

the threshold value. An increase in longitudinal wave velocity occurs initially with an 
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increase in spacing to length ratio. This increase is prominent for higher frequencies and 

negligible for lower frequencies.  
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Figure 4.18: Variation of longitudinal wave velocity with spacing to block length ratio for 

each frequency 

 

A function connecting joint position, block length and wavelength has been introduced 

and represented as  
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An exponential variation between 




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



i

j

V

V
 and is obtained, as shown in Figure 4.19. The 

dimensionless function 


 is found to have an exponential relation with the ratio of wave 

velocity through jointed rock to intact wave velocity. The effect of joint position, block 
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length and wavelength on longitudinal wave velocity is mutually dependent, and it can be 

represented as 


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  (Eq. 4.19) 
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4.5 SUMMARY 

A discontinuum approach is adopted for wave propagation study in jointed rocks. A 

numerical model is developed to analyse the longitudinal wave propagation by adopting 

properties similar to the experimental study. The material is modelled as elastic while the 

joints are assigned to follow the Coulomb slip condition. The numerical model is 

systematically validated with the experimental results along with analytical solution. It is 

found that the joint parameters affect a specific range of wave frequencies and not all 

ranges. A distinct variation in the wave velocity is observed for different frequency ranges. 
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Different joint parameters like angle, spacing, block length and corresponding 

roughness are found to play significant roles and dictate the wave characteristics in the rock 

mass. An increase in the longitudinal wave velocity occurs when the joint angle is more 

than 60˚and can attain a velocity more than that of an intact rock. This is observed for very 

high and low frequency ranges but not for the intermediate frequency ranges. As the joint 

roughness coefficient increases, a non-linear decrease in longitudinal wave velocity occurs. 

The effect of block length is found to be dependent on the ratio of block length to the 

wavelength. A sudden decrease in the longitudinal wave velocity is found to occur when 

the ratio of block length to wavelength is less than one. For very long blocks, the 

longitudinal wave velocity in ideal condition is much higher than that of a small block in 

the same frequency. A definite shift in the velocity can be found when λ/LB=1.  The joint 

position affects the longitudinal wave velocity at intermediate frequencies, ranging from 

10 Hz to 10000 Hz. The change in longitudinal wave velocity is significant at ultrasonic 

frequencies with an increase in the number of joints. Empirical correlations are also 

developed to predict the wave velocity with respect to joint characteristics. 
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CHAPTER 5 

 

NUMERICAL MODELLING OF A TUNNEL IN JOINTED 

ROCKS SUBJECTED TO SEISMIC LOADING  

 

 

5.1 INTRODUCTION 

The dynamic load produced from sources like impact load, blasting, earthquake or any 

other, propagate through rocks in the form of waves. These waves travel through the media 

and affect different parts of the rock mass. Any structure built in/on the rock will be 

affected by the propagating wave. Thus a need in the analysis of tunnels or other 

underground structures in rock susceptible to the dynamic load. Many of the infrastructural 

projects are closely linked with the underground structures, such as utility tunnel, MRTS, 

hydropower cavern or a nuclear repository. This leads to the susceptibility of damage in 

the underground structure being a cause of major concern. The idea of underground 

structures being resistant to dynamic loading, especially earthquake, is commonly believed 

in the design community. However contrary to this belief, many underground structures 

have undergone damage under the action of earthquakes (Dowding and Rozen,1978; Owen 

and Scholl,1981; Sharma and Judd,1991; Power et al.,1998; and Kaneshiro et al.,2000).  

Model studies have been performed by researchers to identify the performance of tunnels 

under dynamic loading conditions (Adyan et al., 1994; Kana et al., 1996; Genis and Adyan, 

2002). In most of these studies, damages in rock tunnels occurred via a pre-existing 

discontinuity, that acted as a guiding medium for further damage. The discontinuity may 

occur in the form of faults, joints, folding, infilling or any other kind of anisotropy, which 

gives rise to weakness. Among these, joints are the most common and unavoidable, with 

high uncertainty regarding its properties, giving rise to highly complex behaviour in rocks. 

A jointed rock tunnel stable under static conditions, may or may not show the same 

behaviour under the action of dynamic loads. So, it becomes important to study the 

performance of rock jointed tunnels under seismic action. In this chapter, details of 
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numerical modelling carried out on unsupported jointed rock tunnels under the action of 

earthquake loading are presented. The study extends to understand the effect of different 

stress conditions and joint properties like joint dip angle, joint stiffness and joint friction 

on the tunnel stability. The chapter highlights the strength degradation and instability in 

tunnels under seismic loads due to the presence of joints.  

 

5.2 NUMERICAL ANALYSIS OF JOINTED ROCK TUNNEL UNDER SEISMIC 

LOAD 

In order to understand the behaviour of the joints around a tunnel under earthquake loads, 

dynamic analysis of tunnel in jointed rock is carried out using distinct element code UDEC. 

A scaled model test of a case study by CNWRA to understand the behaviour of joint rock 

tunnels under seismic condition is considered. The experimental study was based on Lucky 

Friday Mine, USA. The site was scaled to 1/15 to understand the performance of those 

joints.  The shake table was rigid in nature supported by rollers at the bottom, which help 

in initiating the shear displacements. 

The numerical model is provided with dimensions same as that of the laboratory study 

reported by Ahola (1996) (Figure 5.1 and 5.2). The model dimensions are 122 cm length, 

breadth 122 cm and extending to a depth of 61 cm. Two joint sets of 5 cm spacing dipping 

45º in the clockwise and anticlockwise direction with the horizontal are present. A tunnel 

of 15.2 cm diameter is introduced at the centre of the model. The top of the model is free 

and the bottom of the block, as well as sides of the block, are fixed to simulate a rigid shake 

table apparatus (Figure 5.1). The ingots used in the shake table experiment is similar to 

long beam element, continuous in the lateral direction. This agrees well with the numerical 

model in plane strain assumption. An insitu stress of 4.695 MPa and 10.941 MPa is applied 

in the horizontal and vertical directions, respectively. The material model is elastic to 

facilitate block displacements to be strictly by joint deformations and the joints adhere to 

Coulomb slip condition to allow the blocks to slide past each other. The properties of the 

model are given in Table 5.1 (Ahola et al.,1996 and Kana et al.,1997). Each of the blocks 

are meshed to triangular zones of size 1 cm. The joint properties used in numerical 
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modelling were obtained from the psuedostatic and cyclic shearing tests conducted on the 

joints by Kana et al. (1997) and Ahola et al. (1996).  

Table 5.1: Material properties of the rock and joints (Ahola et al.,1996) 

Property Values 

Density 1682 kg/m3 

Bulk modulus 0.145 GPa 

Shear modulus 0.129 GPa 

Joint normal stiffness     0.7 GPa 

Joint shear stiffness     0.5 GPa 

Joint friction angle      25.56˚ 
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Figure 5.1: Representative image for the shake table experiment (Adopted and redrawn 

from Ahola et al.,1996) 
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Figure 5.2: The numerical model for the scaled tunnel  

 

5.2 SEISMIC INPUT 

Seismic loading has been provided as a scaled value of September 1985, Mexico City 

earthquake on the bottom and sides of the model to validate it with the experimental study. 

The recorded accelerogram of 1985 Mexico earthquake is shown in Figure 5.3. The 

acceleration time history for the earthquake motion is obtained from accelerograms of the 

Guerrero array, and the motion in the south direction as published by COSMOS website is 

considered for the study. The acceleration time history is converted to velocity time history 

(Figure 5.4) and displacement time history (Figure 5.5). To understand the frequency 

content of the earthquake motion, Fourier spectra is obtained from the time history of 

acceleration, which is shown in Figure 5.6. It is found from the Fourier spectra that the 

frequency content of the input motion varies from 0.1 to 10 Hz and the Fourier amplitude 
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predominately concentrates between 0.2 to 2 Hz. The fundamental frequency of rocky 

terrain in general ranges between 3 Hz to 5 Hz as Zulficar et al. (2012). However, for a 

jointed slope, the fundamental frequency is found to be about 2 Hz, according to Noorzad 

et al. (2008). Hence, the predominant frequency of the input motion is found to be close to 

the fundamental frequency of a typical jointed rocky terrain, which makes the considered 

model highly susceptible to the 1985 Mexico earthquake. The earthquake data was taken 

for a bracketed duration starting from 15 s to 45 s when the earthquake was predominant. 

Since the study is conducted on a scaled model and not field size model, the earthquake 

data for the bracketed duration is scaled down. The scaling down is done according to the 

similitude ratio for 1 g by Iai (1989). The scaling for velocity is calculated as 

(Scaled velocity)=(Distance scaling factor)1.5 x (Actual velocity) 

The scaled down value of the velocity and displacement for the bracketed duration are 

shown in Figure 5.7  and Figure 5.8, respectively.  The earthquake loading was applied as 

velocity input. The scaled down velocity time history, as shown in Figure 5.7 is applied as 

the input for the numerical analysis. The shake table displacement obtained during this 

input is the same as in Figure 5.8. This is similar to the shake table displacement given as 

input in the laboratory experiment. The frequency of the original earthquake velocity is 

0.464 Hz while the frequency of the scaled input velocity used for numerical model 

automatically increases to 1.798 Hz and follows the similitude ratio. 
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Figure 5.3: Time history of acceleration 
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Figure 5.4: Velocity time history of the 1985 Mexico earthquake 
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Figure 5.5: Displacement time history of the 1985 Mexico earthquake 
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Figure 5.6: Fourier Spectra of  recorded 1985 Mexico earthquake 
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Figure 5.7: Scaled down velocity time history of  the 1985 Mexico earthquake 
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Figure 5.8: Scaled down displacement time history of the 1985 Mexico earthquake 
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5.4 VALIDATION WITH EXPERIMENTAL STUDY 

The model is first analysed under static conditions before applying the earthquake input. 

To understand the threshold input displacement at which the block sliding initiate, several 

loading cycles are given with different scaled input motion. Each value repeated for four 

cycles. The maximum displacement of the shake table from the original position is 

increased to 3.8 mm, 7.6 mm, 11.7 mm and 15.5 mm. The deformations caused by sliding 

along the joints are found to be cumulative, and a threshold seismic displacement amplitude 

is identified. The deformations occurring around the tunnel are high above this threshold 

value. It is found to be 15.5 mm displacement of the shake table in crossing the threshold. 

During the application of earthquake loading, the deformations of the blocks in the tunnel 

periphery are recorded. Figure 5.9 shows the tunnel at the end of all loading cycles as 

obtained from the numerical analysis. The displacement of the top left ingot as marked in 

Figure 5.9 is compared with the displacement of the same ingot during experimental study 

is shown in Figure 5.10 It is found from Figure 5.10 that blocks on the top-left of the tunnel 

are found to slip down 4.5 mm after the 15th cycle of loading with the displacement 

amplitude to be 15.5 mm. The overall pattern of displacement is found to be similar, but 

the peak displacement value in UDEC is underestimated by 13%. But the numerical 

simulation is able to achieve the same threshold input value as the laboratory experiment. 

  

 

Figure 5.9: The ingot considered for validation 
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Figure 5.10: Comparison of displacements in the top left ingot from the experimental and 

the numerical analysis for the 13th cycle 

 

5.5 TUNNEL DEFORMATION UNDER SEISMIC LOADING 

Behaviour of the joints is highly dependent on the properties of the medium as well as the 

joints. So, understanding the effect of the seismic loads under different conditions are 

necessary. This numerical study is extended to understand the effect of different 

combinations of insitu stress, joint dip angle, joint stiffness and joint friction angle on this 

circular tunnel. In this study, the numerical analysis of a tunnel in jointed rock is carried 

out for a single cycle of the scaled Mexico earthquake loading lasting 10 s with a threshold 

displacement of 15.5 mm. The validated model has two joints, both having dip angle 45˚ 

with the horizontal, one clockwise and other anticlockwise direction, insitu stress of 10 

MPa and 4 MPa in the vertical and horizontal direction, joint normal stiffness of 0.7 GPa/m 

and joint shear stiffness 0.5 GPa/m. So, all the parameters are kept same as the validated 

model, and only the parameter under consideration is changed. In the study, a tunnel is 

considered to fail if a block undergoes destressing or joint slip occurs. The tunnel is 

considered to be unsupported in nature due to its high stability under static conditions  
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Figure 5.11: Stress concentration around the tunnel under static loading 

 

 
Figure 5.12: Stress concentration around the tunnel under seismic loading 

 

 Figure 5.11 and 5.12 shows the change in stress around the tunnel due to static and 

seismic loading. The joint slip and displacement can be observed on the sides of the crown 

block. This is due to the presence of the shear zone around the tunnel in an X shape as 

reported by Shen and Barton (1997) based on their study under static loading conditions. 

Under the static condition, stresses can be observed to be concentrated equally around the 

tunnel. However, additional stress concentrations around the tunnel after the application of 

earthquake load leads to stress redistribution. But the main stress concentrations still follow 
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the X shape. It is evident from the destressing which occurred by displacements in the ingot 

(Figure 5.12). This destressing is due to the increase in tensile stresses, which leads to an 

increase in the principal stress values after dynamic loading.  

 

5.5.1 Effect of Insitu Stress 

The experimental study by Ahola et al. (1996) was done for a scaled model representing 

high insitu stress in the field. But under the urban scenario, where the tunnels are shallow, 

the insitu stresses acting on the tunnels are low. To understand the behaviour of jointed 

rock tunnels for all depths, the models are analysed for different combinations of insitu 

stresses. For shallow depth, the horizontal stress may be high compared to vertical stress. 

In other conditions, the horizontal stress may be lower than vertical stresses, when there is 

a structure above the ground. So the importance of the effect of insitu stress on the joints 

and the portion of the tunnel experiencing problems can be understood by considering the 

insitu stress effects. The study is done with different combinations of horizontal and 

vertical stresses. The ratio of horizontal stress to vertical stress is called lateral stress 

coefficient. Since the variation of change in lateral stress coefficient is a representation 

different of stress combinations, the results are given in terms of lateral stress coefficient. 

Figure 5.13 shows the tunnel deformations under seismic loading when the lateral stress 

coefficient is varied from 0.1 to 1 for various horizontal stress conditions. It is found that, 

as the lateral stress coefficient increases, the tunnel deformations increase. Though the 

pattern of stress variation is similar for all horizontal stress values, at lower stresses, the 

blocks are found to undergo maximum deformation. This might be due to the fact that the 

blocks are relatively loose at lower confinement. For higher lateral stress coefficient, the 

deformations are lower for a given horizontal stress. Thus the destressing would be more 

prominent under higher lateral stress coefficient. But as the horizontal stress increases, the 

total stresses acting on the blocks will be higher for the same lateral stress coefficient value, 

hence producing less displacement and more stress concentration. The decrease in 

displacements around tunnel with the increase in insitu stress can be explained by the fact 

that the effect of stresses due to seismic loading has a smaller influence on the tunnel if it 

is approximately equal to or less than the existing stresses around the tunnel. Deng et al. 
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(2014) also obtained similar findings for tunnel deformation under blast loading under 

different insitu stress conditions. This implies that a tunnel at shallow depth is having more 

risk of failure than a deep seated tunnel. This result agrees well with Hashash (2002) and 

Deng et al. (2014). Maximum deformation with the present combination of stresses is 

found to be around 21 mm under the scaled earthquake load, whereas for static case, it is 

less than 0.3 mm. This accounts for 14% strain under seismic loads and is a very high 

value. 
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Figure 5.13: Effect of lateral stress coefficient on tunnel seismic deformation at different 

horizontal stress 

 

5.5.2 Effect of Joint Properties  

5.5.2.1 Joint Angle 

The joint angle is varied to understand the effect of joint dip on the tunnel deformation and 

its effect at the surface. The study is conducted for all possible joint combinations by 
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keeping the first joint angle constant and varying the second joint angle from 0º to 90º in 

the anticlockwise direction from horizontal. The first joint angle is varied from 0º to 90º 

clockwise with horizontal. The joint angle variations from 0 to 90˚ are only considered as 

the tunnel is circular and symmetric nature. Many blocks which are stable under static 

condition, loosened and failed on the application of seismic load. Figure 5.14, 5.15, 5.16 

and 5.17 shows various joint combinations under static and seismic loading where the 

tunnels are stable under static loading (Figure 5.14a, 5.15a, 5.16a, 5.17a) while it failed 

under the application of a seismic load of scaled 1985 Mexico earthquake (Figure 5.14b, 

5.15b, 5.16b, 5.17b). Figure 5.14 shows a tunnel in a joint set with one angle of 40º and the 

other 0º. The tunnel stable under static conditions had two key blocks from the side which 

move out during earthquake loading. In Figure 5.15(b) shows the tunnel with joint angle 

40º and 10º stable under static loading in Figure 5.15(a) have a large part of the tunnel from 

left sidewall move into the tunnel. Figure 5.16(b) shows the failure of the tunnel with joint 

angles 50º and 0º under seismic loading compared to a stable tunnel under static condition. 

The blocks on the left bottom adjoining the tunnel periphery are found to undergo 

destressing and move into the tunnel during the application of seismic load. Figure 5.17(b), 

the tunnel in joint angles 50º and 10º has a key block from the left tunnel wall slide into 

the tunnel under the action of seismic load. 

 

 

(a) 

 

 

 

(b) 

Figure 5.14: Model for first joint angle 40º and second angle 0º after (a) static loading (b) 

seismic loading as obtained from the numerical model 
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(a) 

 

 

 

(b) 

Figure 5.15: Model for first joint angle 40º and second angle 10º after (a) static loading 

(b) seismic loading as obtained from the numerical model 

 

  

 
(a) 

 

 

 

 

 

(b) 
 

 

Figure 5.16: Model for first joint angle 50º and second angle 0º after (a) static loading (b) 

seismic loading as obtained from the numerical model 
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(a) 

 

 

 
(b) 

Figure 5.17: Model for first joint angle 50º and second angle 10º after (a) static loading 

(b) seismic loading as obtained from the numerical model 

 

In most cases, the simulation stops because of joint overlap error, which occurs during 

UDEC analysis. This occurs as the overlap between the two blocks is higher than the 

permissible limit. In actual field condition, this collision of blocks may also lead to 

breakage of blocks. In the study, the joint angles are found to undergo loosening or 

separation, if one of the joint angles are around 40º and 60º with the horizontal. The 

maximum failure happens when one angle is between 0º and 20º while the second joint set 

at an angle between 40º and 60º, creating a wedge for the block to slide. It may be because 

the slips along joints are difficult when the angle created between the joints is less than the 

interjoint friction angle, which is equal to 35˚ in this case. Under these joint combinations, 

all the four angles in the blocks are greater than the joint friction angle. It is found that the 

left roof and sides of the tunnel experienced maximum deformation. Similar results are 

observed by Deng et al. (2014) in their study to understand the maximum peak particle 

velocity occurring at different parts of the tunnel for a blast occurring at the surface. Results 

from the study by Boon (2013) for his doctoral thesis also put light into the stability of 

unsupported tunnels with joint sets of varying dip. The study considered sliding failure for 

small joint spacings. With the list of joint angles adopted for the study and the toppling 

conditions obtained from it, the results of failure from the study for multiple joint 

combinations showed stability when the angles created by the joints are less than joint 
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friction angle. Though this result is from a static condition, the seismic approach can be 

considered to be of a similar trend. 

 

Figure 5.18: Surface deformation and joint opening under the action of seismic load when 

joint first joint angle is 50º and second is 80º as obtained from the numerical model 

 

The joint angle variation from 0 to 90˚ has only been considered as the tunnel is circular 

and symmetric nature. Figures 5.18 and 5.19 show the surface settlement occurring under 

the action of the earthquake load. Surface settlements are found to occur in most cases due 

to readjustment of blocks even though the displacement at the tunnel periphery is 

negligible. Readjustment in the blocks happens as a part of the opening and closing of 

joints under the action of the earthquake load, as shown in Figure 5.18. It can be seen from 

Figure 5.18 and 5.19 that, the maximum surface displacement may not always occur above 

the crown as it is dependent on the joint angle. The surface settlements and the opening of 

joints at different portions of the model occurs due to the rearrangement and slippage of 

blocks, even if no specific damage is observed around the tunnel. The settlement near the 

Surface deformation and joint 

opening 
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boundary was noticed in most of the joint conditions. This is an effect of boundary 

conditions and a drawback with laboratory or numerical modelling. Under field conditions, 

this boundary settlements will be continuous or stepped. 

 

(a) (b) 

Figure 5.19: Surface settlement with no tunnel deformation as obtained from UDEC (a) 

first joint angle 90º and second 70º (b) first joint angle 70º and second angle 60º 

 

5.5.2.2 Joint Stiffness  

Joint stiffness is an important aspect which determines the slippage between joints. The 

value of joint stiffness adopted in the numerical study is often higher than the elastic 

modulus of the intact rock itself. But it is reasonable to use such a value, as the joint infilling 

material affects the joint stiffness value in the field which is not incorporated in the 

numerical model as indicated by Deng et al. (2014). In this study, the effect of deformation 

with the variation of joint normal stiffness and joint shear stiffness is studied. The joint 

normal stiffness is varied from 0.3 GPa/m to 1 GPa/m without changing the original joint 

shear stiffness value of 0.5 GPa/m. Figure 5.20 shows the variation of tunnel deformation 

with various joint normal stiffness values, both for static and seismic conditions. It is found 

from Figure 5.20 that, as the joint normal stiffness increases, tunnel deformation decreases. 

The variation in joint normal stiffness shows a direct relation with tunnel deformation. In 
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the static case, the variation is mostly linear, but when the seismic load is applied, the 

deformation values decrease exponentially with the increase of joint stiffness, both at 

tunnel periphery and surface. As the normal stiffness value is varied from 0.6 GPa/m to 1 

GPa/m, the variation is comparatively small for static and seismic loading. But for the 

variation from 0.3 GPa/m to 0.6 GPa/m, the effect on maximum deformation is drastic 

under seismic loading. A peak displacement of 5 mm is observed under the seismic 

condition for normal stiffness of 0.3 GPa/m compared to 0.5 mm deformation for the same 

stiffness under static condition. The studies by Park and Yoo (2014) also showed a great 

influence of joint stiffness on moment and shear forces acting around a jointed rock tunnel. 

Pyrak-Nolte (2016) explains the importance of fracture stiffness as one of the most 

important joint properties. 
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Figure 5.20: Effect of joint normal stiffness on static and seismic deformation of tunnels  

 

Figure 5.21 shows the variation of deformation corresponding to changes in joint shear 

stiffness. Then joint shear stiffness is varied from 0.1 GPa/m to 1 GPa/m with a constant 
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joint normal stiffness value of 0.7 GPa/m. But the variation of joint shear stiffness shows 

no considerable differences in the tunnel deformations both in static as well as in seismic 

situations. This result corresponds to the UDEC theory of interaction forces and 

displacements (Eq. 4.2 and 4.4) during joint slippage. According to the theory, shear forces 

on the contact are influenced by normal stiffness and friction angle. Similar results are 

reported by Yoo et al. (2017) for a single set of joints. Though the tunnel deformations 

have comparatively small effect with a change in shear stiffness, the increase in 

deformation under seismic loading conditions shows an increase of 5 mm from 0.25 mm 

under static conditions around the tunnel. This accounts for around 3% strain with 

reference to the tunnel diameter. Though these displacements look negligible in the scaled 

model, it corresponds to large displacements in the field. For the seismic loading a tunnel 

of 10 m diameter, for 3% strain, it will have 30 cm displacement of the blocks in seismic 

loading from 1.6 cm under static conditions. This clearly shows the instability of the tunnel 

under earthquake loading. 
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Figure 5.21: Effect of joint shear stiffness on static and seismic deformation of tunnels  
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5.5.2.3 Joint Friction Angle 

The study is based on the tunnel deformation by interjoint slip, where the interjoint friction 

plays an important role. The variation of joint friction depends on the smoothness or 

roughness of the joints and the presence of infilling material. As the roughness decreases, 

the joint friction decreases and the effect of this change in joint friction on the joint slip has 

been studied. The joint friction angle was changed from 18˚ to 38˚assuming that the joint 

stiffness properties are not significantly affected in the above ranges of friction angle 

values. Figure 5.22 represents the variation in tunnel deformation with a change in friction 

angle for static and seismic cases. 
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Figure 5.22: Tunnel deformation under seismic and static loading for various joint 

friction angles 

 

From Figure 5.22, it can be observed that under static and seismic conditions, tunnel 

deformation linearly decreases with the increase in the joint friction angle. Since the 

deformation and failure allowed in the present study is only by joint slip, this directly 

reflects the effect of joint slippage with a change in joint friction angle. This decrease is 
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much predominant in the case of seismic loading compared to static loading conditions. 

The slope of deformation in the case of seismic loading is much higher compared to that 

of static loading, indicating a steep increase of deformation with a decrease in angle of joint 

friction. The linear decrease is because the slippage is directly proportional tan φ. It can 

also be seen that the effect becomes more pronounced with the application of seismic load. 

The joint slip difference between static and seismic case is relatively less at higher friction 

angles. 

 

5.6 SUMMARY  

This chapter tries to understand the performance of unsupported tunnels in jointed rocks. 

A laboratory scale model of a tunnel is simulated in UDEC. The tunnel is subjected to 

scaled input motion of the 1985 Mexican earthquake. The numerical results are validated 

with the findings of the shake table experiment. Further, the developed numerical model is 

used to carry out parametric studies to understand the effect of insitu stress, joint 

orientation, joint stiffness and joint friction angle on the deformation and stability of the 

tunnel under the same earthquake input motion. 

The tunnel was subjected to a series of repetitive loading to understand the threshold 

amplitude for deformations to occur. Displacements of joints are found to be cumulative 

under earthquake loads, and the tunnel fails after a series of repetitive loading. Increase in 

tunnel deformations under seismic loading shows that tunnels in jointed rocks are highly 

susceptible to earthquake loads. The tunnel deformation under static conditions is less than 

0.1%, but under the action of seismic load, a considerable increase in tunnel deformations 

is observed, leading to complete failure in some cases. Deformations around the tunnel are 

found to increase with increasing lateral stress coefficients. For the same lateral stress 

coefficient, lower horizontal stress produces higher deformations. This implies that a tunnel 

at shallow depth is having a higher risk of failure than the deep tunnels. The joints that are 

stable under static conditions are found to fail under seismic loading, especially for some 

specific joint angle combinations. The joint angles are found to undergo loosening or 

separation if one of the joint angles are around 40º and 60º with the horizontal. The 

maximum failure happens when one angle is between 0º and 20º, while the second joint set 

is at an angle between 40º and 60º, forming a wedge for the block to slide. Under the action 
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of seismic loads, with an increase in joint normal stiffness, the tunnel deformations are 

found to decrease exponentially unlike a linear decrease under the static case. The 

difference in tunnel deformation under seismic loading and static loading decreases as the 

joint stiffness value increases. Joint friction was also found to have a direct effect on the 

deformation patterns. With a decrease in joint friction angle, the joint slip is found to 

increase linearly. This increase is steep under seismic conditions compared to static 

conditions. The difference in tunnel deformation under static and seismic condition reduces 

for higher friction angles. Since the current chapter does not consider any support system, 

the next chapters incorporates the effect of the supports in the tunnel analysis under 

dynamic condition. 
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CHAPTER 6 

 

PERFORMANCE OF ROCKBOLTS UNDER SEISMIC LOAD 

 

6.1 INTRODUCTION 

Support for the tunnel excavation is done using various methods. Kaiser et al. (1996) 

define the purpose of support as reinforcement, maintenance and retention. Commonly 

used support systems for underground openings are rockbolts, cables, steel mesh, 

shotcrete, strap lacing, tin liners, steel sets, shotcrete arches and concrete liners. 

Although the purpose of each of these systems is the same, its functions are 

fundamentally different. Amongst the specified methods, bolting is an economical and 

effective support technique. Its versatile nature and adaptability to the changing rock 

conditions make it the most commonly used support system for ground excavations. 

The basic design of the rockbolt is by following the simple structural mechanics 

principle of providing a strength higher than the weight of the unstable block.  Well-

designed rockbolts installed with grouting helps to strengthen its bond with the 

surrounding blocks and prevent corrosion.  

Rockbolt designs are normally done for static conditions. Therefore, understanding 

their performance under dynamic conditions becomes necessary, especially when the 

purpose includes stabilisation of a joint. A continuous differential displacement 

between the blocks due to dynamic loading will lead to a change in performance of the 

bolts. Some studies have been carried out to understand the behaviour of underground 

openings supported with rockbolts in mining areas under ‘rockburst’ conditions (Kaiser 

and Cai, 2012; Stacey, 2011; Li et al., 2014) and under the effect of blast loading 

(Brummer et al., 1994; Li et al. 2016). However, these studies were done for very deep 

mines under high stress where failure can be catastrophic. Though many case studies 

focused on the effect of earthquake on a support system (Yu et al., 2013; Do et al., 

2015; Yu et al., 2016; Lukic et al., 2017; Miao et al., 2018) and the performance of 

rockbolt under blasting or rockburst conditions (Goodman and Dubious, 1971; Tannant 

et al., 1995; Ortlepp and Stacey, 1998; Ortlepp, 2001; Mortazavi and Alavi, 2013; Wang 

et al., 2018; Zhang et al., 2018), study on the performance of rockbolt passing through 
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joints under earthquake conditions is  very limited. This understanding is vital in cases 

of rock structures posing a high risk and located in areas of seismicity. The study aims 

to understand the performance of rockbolts under different earthquake loads and its 

comparison with static conditions. The chapter highlights the stress and deformation 

behaviour of rock bolts and its efficiency while passing through joints. 

 

6.2 ROCKBOLTING IN TUNNELS 

The design of rockbolts based on empirical approaches mostly takes the depth of 

loosened rock and bolt parameters into consideration. In order to offer the necessary 

support, rockbolts are supposed to anchor beyond the loosened/ tension zone. The 

following factors are considered in the design of rockbolts (Panek, 1964; Barton et al., 

1974; Lang and Bischoff, 1982; Hoek and Moy, 1993; Statens vegvesen, 2000; 

Ramamurthy, 2014; Li, 2017). As suggested by various researchers,   

 Bolt length should be at least half of the blasting round length or one-third of 

the tunnel opening. 

 The length of the rockbolt can be taken as 

 L=B(2/3)     (Eq. 6.1) 

The required length of rockbolt for various tunnel positions 

Roof  L=2+0.15B  or  L≤ 0.5H    (Eq. 6.2) 

Walls  L=2+0.15H  or  L ≤ 0.5B   (Eq. 6.3) 

For relatively small failure zone, length of the rockbolt should be 1 m longer 

than the depth of the failure zone. 

 The spacing of the bolts (distance between the bolts) should not be more than 

half to two third of the blast round length. 

or 

Spacing. S<L/2    (Eq. 6.4) 

 For untensioned rockbolts in the central span of a blocky rockmass excavation, 

L=1.4+0.184 B    (Eq. 6.5) 

and rockbolt spacing is three to four times the mean joint spacing. 

 Failure load per bolt in a laminated roof is calculated as 

T=S1.S2.t.γ.F     (Eq. 6.6) 
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Where, L is the length of the rockbolt, B is the span of the opening, H is the height of 

the opening, F is the factor of safety, γ is the density,  S is the rockbolt spacing, and S1 

and S2 are bolt spacings in two perpendicular directions. 

 

6.3 ROCKBOLT FORMULATION IN THE NUMERICAL MODEL 

The rockbolts are used to support an excavation against inelastic deformation along a 

discontinuity. UDEC considers rockbolts as two-dimensional elements with 3 degrees 

of freedom at each node (two displacements and one rotation). The rockbolts are 

installed and grouted using a bonding agent or grout to support it. Each rockbolt is 

divided into nodes of equal segmental length. The rockbolt is a linear elastic material 

until the yield stress is attained both in compressive and tensile directions. Figure 6.1(b) 

represents the material behaviour. Once the plastic moment is reached, the bolt starts 

yielding without further resistance. The mass of each segment is lumped at the nodes. 

The analysis of the nodes in response to axial, transverse and flexure loads with 

reference to Figure 6.1(a) is represented in matrix form as 

[
 
 
 
 
 
𝑇1

𝑆1

𝑀1

𝑇2

𝑆2

𝑀2]
 
 
 
 
 

=
𝐸

𝐿

[
 
 
 
 
 
 
 

𝐴 0 0 −𝐴 0 0

0
12𝐼

𝐿2

6𝐼

𝐿
0 −

12𝐼

𝐿2 −
6𝐼

𝐿

0
6𝐼

𝐿
4𝐼 0 −

6𝐼

𝐿
2𝐼

−𝐴 0 0 𝐴 0 0

0 −
12𝐼

𝐿2 −
6𝐼

𝐿
0

12𝐼

𝐿2 −
6𝐼

𝐿

0 −
6𝐼

𝐿
2𝐼 0 −

6𝐼

𝐿
4𝐼 ]

 
 
 
 
 
 
 

[
 
 
 
 
 
𝑢1

𝑣1

𝜃1

𝑢2

𝑣2

𝜃2]
 
 
 
 
 

  (Eq.  6.7) 

 

The defined plastic moment capacity controls the limit of internal moments. And 

beyond the user-defined tensile failure strain limit, the bolt breaks and separate at the 

nodes. The total plastic strain at every node is calculated according to the equation, 

L

d plax

plpl




2
      (Eq. 6.8) 

where, d is the bolt diameter, L is the bolt segment length, θ is the average angular 

rotation over the rockbolt, 
pl  is the total plastic tensile strain and 

ax

pl is the axial plastic 

strain accumulated based on the average strain acting on the rockbolt segment. Once 

the strain exceeds the limiting plastic strain, rockbolt is assumed to have failed, and the 

forces and moments on the bolt become zero. 
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Figure 6.1(a): Structural element sign 
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Figure 6.1(b): Material behaviour for 

rockbolts 

 

The resistance is calculated between structural nodes and block zones by spring 

connections, as shown in Figure 6.2. The connector springs are nonlinear elements used 

to transfer motion and forces between rockbolt and gridpoint in the block zone. The 

coupling spring shear stiffness numerically describes the shear behaviour of the 

interface while coupling spring normal stiffness describes the normal behaviour. Figure 

6.3 shows the working on shear stiffness and normal stiffness.  
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Figure 6.2: Conceptual mechanical representation of fully bonded reinforcement 

 

The normal and shear forces acting on the spring elements are given by the equation 

 
mpsstiff

s uucs
L

F
     (Eq. 6.9) 

 n

m

n

pnstiff
n uucs

L

F
     (Eq. 6.10) 
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Where, Fs and Fn = the shear and normal forces developing on the respective springs 

L= contributing element length 

sstiffcs and 
nstiffcs  = shear and normal stiffness on respective coupling springs 

pu = axial displacement of rockbolt  

mu =axial displacement of the rock 

n

pu =displacement of rockbolt normal to the axial direction of rockbolt 

n

mu =displacement of the rock normal to the axial direction of rockbolt 
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(a)                (b) 

Figure 6.3: Mechanical behaviour of (a) shear and (b) normal coupling springs in 

rockbolt 

 

6.4 CASE STUDY 

 A tunnel case study from Tehri hydroelectric project in Uttarakhand, India is 

considered, which falls close to aMegathrust that separates the Indian and Eurasian 

plates. In this convergent tectonic zone, the major thrusts are Main Mantle Thrust 

(MMT), Main Central Thrust (MCT) and Main Boundary Thrust (MBT). They extend 

from the northwest of the Himalayas to southeast of the Himalayas. These fault lines 

being active has experienced many earthquakes in the past few decades including the 

recent Nepal 2015 earthquake with Richter scale magnitude 8.1. Besides, an earthquake 

of more than 8.5 Richter scale magnitude is anticipated in the near future, according to 

many scientists (Parija et al.,2018). The region also accommodates some important 

infrastructural projects like the bridges, tunnels and dams. Many important projects like 
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the tallest arch bridge in the world and the longest tunnel are located in this region. 

Most of these projects are designed to be safe for seismic activity from 8 to 9 on the 

Richter scale and considered to be safe (Iyengar, 1993). The study of a rockbolt used 

as a support system in this area is considered to be beneficial. With these safety 

considerations, the performance of the tunnel support systems under earthquake 

conditions is proposed. Hence, an analysis of a head race tunnel hosted on a rockmass 

condition of two joint sets from Tehri dam site has been adopted for the study. The dam 

is placed in the seismic zone V of the Himalayan region. This dam project is under 

critical surveillance because of its position and ecological impact.   

The Tehri dam owned by Tehri Hydro Development Corporation (THDC) India 

limited, is one of the highest hydroelectric dams in the world. It is located at Tehri in 

Uttarakhand, India, built over Bhagirathi river, with a capacity of 1000 MW. The dam 

consists of 4 headrace tunnels, of which one head race tunnel through region D is 

situated in a jointed rock bed as shown in Figure 6.4 (Final report on three-dimensional 

stress analysis of cavern at Tehri hydro dam project, U.P., 1999).   

 

 
C
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Figure 6.4: Geological region of the 

headrace tunnel 

 

Table 6.1 : Properties of material in zone D 

Parameter Value 

Density (kg/m
3

) 
2770 

Modulus of Elasticity (GPa) 27 

Poisson’s ratio 0.22 

Joint Friction Angle (˚) 40 

Cohesion (MPa) 0 
 

The head race tunnels which help in conducting water from the reservoir to the power 

station, are 8.5 m in diameter built according to IS 5878 (1972). The head race tunnel 

3, assumed for the current study in Zone D is built in aggrillaceous-phyllite (10-20%), 

phyllite (45-55%), quartzite phyllite (10-35%) and consists of 2 joints sets of 8 m 

spacing and 45˚ dip. The properties of the rockmass in zone D is as given in Table 

6.1Each tunnel is supported using 16 rockbolts equally spaced around the tunnel. 
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Shotcrete and concrete liners are used for extensive support in addition to the rockbolts. 

The effect of the tunnel when only placed with rockbolts, is analysed using UDEC 

assuming plane strain condition. In the present study, the performance of rockbolts, 

shotcrete and tunnel structures are analaysed without considering the effect of the water 

flow or the dynamic load acting on the tunnel due to running water.  

 

6.5 SEISMIC LOADS 

The performance of the tunnel is studied using actual data from Uttarkashi earthquake 

(1991) and Nepal earthquake (2015) based on its location and magnitude respectively. 

The Uttarkashi earthquake (1991), also known as the Garhwal earthquake, had a Ritcher 

scale magnitude of 6.8 and is considered a violent earthquake in the Mercalli scale. The 

Tehri area is at a distance of 54 km from the epicentre of the earthquake. Jain et al. 

(1993) classified the earthquake as very strong of Mercalli magnitude VII for the Tehri 

area. This placed the earthquake at a critical point with respect to the Tehri dam. The 

2015 Nepal earthquake, also known as Gorkha earthquake had its epicentre at Gorkha 

district of Nepal at a depth of 8.2 km. The earthquake had a magnitude of 8.1 in the 

Richter scale and a maximum on the Mercalli scale of VIII. The earthquake was also 

followed by many aftershocks at the intervals of 15-20 minutes, with two major 

aftershocks within days having a magnitude of 6.7 and 7.3 on the Ritcher scale. 2015 

Nepal earthquake being the highest recorded earthquake in the Mega Thrust over the 

past few decades and the 1991 Uttarkashi earthquake with its vital position to Tehri 

dam is considered for the study. The acceleration time history, velocity-time history, 

displacement time history and predominant frequency of the earthquakes are shown in 

Figures 6.5 to 6.12. 

 

 
Figure 6.5 : Accelration time history of Uttarkashi earthquake, 1991 (Mw=6.8) 
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 Figure 6.6: Velocity time history of Uttarkashi earthquake, 1991 (Mw=6.8)  

 

 
Figure 6.7: Displacement time history of Uttarkashi earthquake, 1991 (Mw=6.8)  

 

 
Figure 6.8: Fourier spectra of recorded Uttarkashi earthquake, 1991(Mw=6.8) 

 

 
Figure 6.9: Acceleration time history of Nepal earthquake, 2015 (Mw=8.1) 
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Figure 6.10: Velocity time history of Nepal earthquake, 2015 (Mw=8.1) 

 

 

 
Figure 6.11: Displacement time history of Nepal earthquake, 2015 (Mw=8.1) 

 

 

 
Figure 6.12: Fourier spectra of recorded Nepal earthquake, 2015 (Mw=8.1) 

 

 The acceleration time history for the earthquake motions is obtained from the 

COSMOS, USGS website. The Uttarkashi earthquake (1991) data is obtained from 

Bhatwari station in India with a peak acceleration of 2.89 m/s2. The Nepal earthquake 

(2015) is obtained from Kirtipur Municipality station with a peak acceleration of 2.63 

m/s2 in the East-West direction. A Fourier analysis is done to obtain the frequency 

content of the earthquake motion from the time history of acceleration, which is shown 
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in Figure 6.8 and 6.12. The Fourier spectra show the frequency content of the 

earthquake to vary from 0.1 Hz to 10 Hz for the Nepal earthquake (2015) with a 

predominant frequency concentration between 1 to 10 Hz.  The Uttarkashi earthquake 

(1991) has a frequency concentration between 0.2 Hz and 10 Hz, while the predominant 

frequency concentrates between 1 and 3 Hz. The velocity-time histories (Figure 6.6 and 

6.10) are used as input for the current study.  

 

6.6 NUMERICAL MODELLING OF THE TUNNEL 

A numerical model is developed to simulate the effect of the tunnels. The tunnels under 

analysis are of 8.5 m in diameter. To minimize the boundary effects, the size of the 

numerical model is adopted to be 200 m x 140 m. Two joint sets of 45˚ and 135˚ dip at 

8 m spacing are provided. The tunnel of 8.5 m diameter is located at a depth of 115 m. 

The top surface of the model is kept free while the other sides of the block are provided 

with free field boundary so that no wave reflections are affecting the study. The stresses 

around the tunnel are assumed to be hydrostatic. Rock blocks are modelled as elastic 

while the joints follow Coulomb slip (Eq. 4.2) model, to concentrate on the failure by 

joint slip and not by the block failure. The properties of the rockmass are as provided 

in Table 6.2.  Rockbolts of 3 m length is placed around the tunnel at every 22.5˚ with a 

spacing of 3.3 m. Each rockbolt contains five nodes over which the mass of the rockbolt 

is concentrated. The reinforcing material follows the elastoplastic model where the 

material yields and when the yield stresses are generated. The rockbolt and the blocks 

are bonded by shear and normal springs as in Eq. 6.1 and 6.2. The properties of the 

rockbolt are as given in Table 6.2.  

Hence, the Nepal earthquake (2015) and Uttarkashi earthquake (1991) histories are 

converted to velocity histories. The velocity histories (Figure 6.6 and 6.10) are applied 

as shear input at the base of the model. Figure 6.13 shows the numerical model.  Figure 

6.14 shows the position of the tunnel in the jointed rockmass. It can be seen that 

rockbolts number 3, 9, 13, 14 and 15 pass through a joint. So the effect of earthquake 

on these bolts in comparison with the bolts passing through the intact block is done in 

the following sections. 
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Table 6.2: Rockbolt properties 

Parameter Rockbolt 

Characteristic strength (MPa) 415 

Factor of safety 1.15 

Density (kg/m3) 7850 

Modulus of elasticity (GPa) 200 

Poisson’s ratio 0.3 

Thickness (mm)  

Diameter (mm) 28 

Spacing (m) 3.5 

Length (m) 3 

Interphase Normal Stiffness (Pa/m) 
1 x10

10

 

Interphase Shear Stiffness (Pa/m) 
1 x10

10

 

Interphase Friction Angle (degrees) 40 

Interphase Cohesion 0 
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Figure 6.13: Numerical model for the Tehri dam tunnel 
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Figure 6.14: Rockbolt numbering and orientation around the tunnel 

 

6.7 FORCE ACTING ON ROCKBOLTS 

The maximum force acting on each rockbolt varies according to its position. Figures 

6.15 to 6.30 show the maximum force acting on each rockbolt for Nepal earthquake 

(2015) and Uttarkashi earthquake (1991). The maximum force acting on the bolt and 

the number of cycles over which the force acts also varies with each rockbolt. Figure 

6.15 to 6.30 shows the cycles of force acting on each rockbolt for applied earthquake 

histories of Nepal earthquake (2015) and Uttarkashi earthquake (1991).  

The ultimate strength of the rockbolt is 415 MPa, and the maximum force acting on 

the 28 mm rockbolt is 100 kN on rockbolt number 4. This is lower than the rockbolt 

strength, and the failure of the rockbolt is unlikely. But, with several cycles of loading, 

a reduction in the strength of the rockbolt is anticipated. Rockbolts 5, 6, 7, 8, 9, 10, 11, 

12, 13, 14 and 15 undergo many cycles with a force of 40 kN force and higher. All 

rockbolts undergo at least one cycle with a force more than 45 kN. This is almost one-

fifth of the ultimate strength of the rockbolt.  Tistel et al. (2017) and Wu et al. (2019) 

verified with their experimental studies for the loss of ultimate strength with an increase 

in the number of cycles of loading. Wu et al. (2019) found a reduction of 50% from 

maximum strength in the steel after five cycles of loading. Thus with a number of peak 

dynamic forces, its magnitude is varying for each rockbolt. The possibility of rockbolt 
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failure can be anticipated when the tunnel is subjected to multiple earthquakes even of 

lower magnitude.  This leads to the requirement of constant monitoring and analysis of 

tunnel support system in regions of high seismicity. 

 

 

Figure 6.15: Force acting on Rockbolt 1 

 

 
Figure 6.16: Force acting on Rockbolt 2 
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Figure 6.17: Force acting on Rockbolt 3 

 

 

 
Figure 6.18: Force acting on Rockbolt 4 
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Figure 6.19: Force acting on Rockbolt 5 

 

 

 
Figure 6.20: Force acting on Rockbolt 6 
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Figure 6.21: Force acting on Rockbolt 7 

 

 

 
Figure 6.22: Force acting on Rockbolt 8 
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Figure 6.23: Force acting on Rockbolt 9 

 

 

 

Figure 6.24: Force acting on Rockbolt 10 
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Figure 6.25: Force acting on Rockbolt 11 

 

 

 
Figure 6.26: Force acting on Rockbolt 12 
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Figure 6.27: Force acting on Rockbolt 13 

 

 

 
Figure 6.28: Force acting on Rockbolt 14 
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Figure 6.29: Force acting on Rockbolt 15 

 

 

 
Figure 6.30: Force acting on Rockbolt 16 
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Figure 6.31: Force acting on different rockbolt according to the position. 

 

Figure 6.31 shows the maximum force acting on each rockbolt. It shows that the 

maximum force acting on the rockbolt is not the same in the case of both the 

earthquakes. For Nepal earthquake (2015, Mw=8.1), the rockbolt 4 undergoes maximum 

force of 97.4 kN while rockbolt 15 receives a minimum force of 48.51 kN. For 

Uttarkashi earthquake (1991, Mw=6.8) rockbolts 15 and 16 suffer maximum force of 

19.13 and 19.09 kN while rockbolt 4 undergoes a minimum of 6.96 kN. This implies 

that the effect of the incoming seismic waves on rock bolts are different for different 

earthquakes.  

The understanding of maximum normal forces acting on each bolt is necessary to 

understand the effect of the earthquake. Figure 6.32 shows the maximum normal force 

acting on each rockbolt during Nepal (2015, Mw=8.1) and Uttarkashi (1991, Mw=6.8) 

earthquakes. From Figure 6.32, it can be seen that the normal force acting on rockbolts 

passing through intact portion does not have much effect with the action of the 

earthquake. However, rockbolts passing through joints experience a sudden increase in 

the normal force. The increase in normal force under seismic condition is found to be 

at least twice the normal force acting on the bolt under static condition. Similar results 

were also observed by Owada and Adyan (2012), Owada et al. (2004) while conducting 
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few shake table tests to understand the behaviour of rockbolts under earthquake. Adyan 

(2017) confirmed the increase in stresses on the bolts to be twice the initial value. 

 

 
Figure 6.32: Maximum normal force acting on each rockbolt during Nepal (2015) and 

Uttarkashi (1991) earthquakes 

 

 From these results, it is clear that all rockbolts undergo normal forces, even if they 

do not pass through a joint. Figure 6.33 shows that shear forces act on rockbolts only if 

they pass through a joint. Maximum shear force acts on rockbolt number 13, 14 and 15. 

This might be because the bolts experiences loosening of the blocks. It can also be seen 

that the shear force acting on a rockbolt is very small compared to the normal force on 

the rockbolt. The ultimate strength of the rockbolt being much higher than the shear 

stress, the chances of a rockbolt to fail in shear is very less. The maximum normal force 

acting on the bolts during earthquake loading is 2 to 3 times the force under static 

conditions. Adyan (2017) also reports similar results where the possibility of the 

support system to fail under dynamic loading is by the failure of the grouting material 

and not by bolt deterioration. 
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Figure 6.33: Maximum shear force acting on each rockbolt during Nepal (2015) and 

Uttarkashi (1991) earthquakes 

 

6.8 ROCKBOLT DISPLACEMENT 

The displacements of the rock and rockbolts due to an earthquake can be categorised 

into two 1) the displacements during the earthquake motion and 2) the residual 

displacements. The displacements occurring as a part of the earthquake will have a 

motion similar to the displacement time history of the earthquake. According to the 

position and the forces acting on the rockbolt, the residual displacement in each rockbolt 

varied from one rockbolt to another. Figure 6.34 shows the displacements in rockbolts 

due to Nepal (2015) and Uttarkashi (1991) earthquakes. Figure 6.35 shows the rockbolt 

displacements occurring at different tunnel position during static and seismic conditions 

with Nepal (2015, Mw=8.1) and Uttarkashi (1991, Mw=6.8) earthquake. It can be seen 

that rockbolts in the upper and lower half of the tunnel behave differently even in the 

case of static load. The upper rockbolts from 202.5˚ (Rockbolt 9) to 337.5˚ (Rockbolt 

15) have higher displacements in the static condition. This is due to the destressing of 

the blocks due to gravity, which tends to increase the displacements acting on the 

rockbolts. Amongst these rockbolts, rockbolt number 9 (202.5˚), 12 (270˚) and 14 

(315˚) are found to undergo maximum displacements. The displacement in these 
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rockbolts can be attributed to the destressing of the blocks, according to the shear zone 

formation reported by Shen and Barton (1997). 

 

 

Figure 6.34: Displacement in rockbolt during Nepal earthquake (2015, Mw=8.1) and 

Uttarkashi earthquake (1991, Mw=6.8)  

 

The behaviour of these rockbolts under the action of earthquakes is different from 

static conditions. The rockbolt displacements are also observed to be dependent on the 

type of earthquake. Both the earthquakes produced different displacements on the 

rockbolts (Figure 6.35). The displacements due to Nepal earthquake (2015, Mw=8.1) is 

more than Uttarkashi earthquake (1991, Mw=6.8) for all rockbolts and the pattern of 

displacement is also found to be different. The deformations in rockbolt due to 

Uttarkashi earthquake (1991, Mw=6.8) is similar to the static condition. The maximum 

deformations are found to occur on the crown of the tunnel. During the Nepal 

earthquake (2015, Mw=8.1), rockbolts on the lower part of the tunnel are found to 

undergo more displacements compared to the rockbolts on the upper hemisphere. This 

might be due to the high force acting on the bottom of the tunnel from earthquake 

shaking. Moreover, this force will be less than the force transmitted to the top of the 

tunnel. Amongst these, rockbolt number 3 (102.5˚) is found to undergo maximum 

deformation. This might be due to the fact that rockbolt 3 passes through a joint. The 
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earthquake makes a separation between the blocks causing the blocks to undergo 

differential movement with respect to the rockbolts. The permanent displacements were 

also found to occur post shake table loading (Adyan, 2017). An increment in permanent 

deformation is also observed with an increase in the magnitude of acceleration level. 

The strains on rockbolts crossing discontinuities are referred to as very high by Adyan 

et al. (2017). 

 

 
Figure 6.35: Maximum displacements on rockbolts at different tunnel postions due to 

Nepal (2015, Mw=8.1), Uttarkashi (1991, Mw=6.8) earthquakes and static conditions 

 

6.9 BENDING MOMENT ACTING ON THE ROCKBOLTS 

Rockbolts provide bending resistance, which leads to the formation of bending moment 

on the bolts. Bending resistance is important under conditions of jointed rocks so that 

relative displacements between the blocks can be minimised. Figure 6.36 shows the 

unbalanced moment on rockbolt 3 during Nepal (2015, Mw=8.1) and Uttarkashi (1991, 

Mw=6.8) earthquake. The peak moments in the rockbolt are found to correspond with 

the peak ground acceleration of the earthquakes. The maximum bending moment acting 

on the rockbolt with Uttarkashi earthquake (1991, Mw=6.8) is corresponding with the 

peak of the earthquake input.  The negative and positive values of unbalanced moment 

correspond to moments in a clockwise and anticlockwise direction. Several cycles of 
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unbalanced moment are found to be acting on the rockbolt. These number of cycles 

leads to loss of strength in rockbolt over a considerable period. 

 

 

Figure 6.36: Time history of unbalanced moment acting on the rockbolt during 

Uttarkashi earthquake (1991) and Nepal earthquake (2015)  

 

Figure 6.37 shows the maximum total moment acting on each rockbolt during Nepal 

(2015, Mw=8.1) and Uttarkashi (1991, Mw=6.8) earthquake. The maximum moment is 

found to be acting on rockbolts passing through joints while on other bolts, the moment 

is near zero. Maximum bending moment is found to act on rockbolt 15 (337.5˚). A 

substantial increase in the moment value is observed compared to static condition. All 

rockbolts passing through joints generated a moment in static condition except 

Rockbolt 3. This might be due to the fact that rockbolt 3 undergoes no deformation 

under gravity. The moment due to Nepal earthquake (2015, Mw=8.1) is higher than the 

Uttarkashi earthquake (1991, Mw=6.8) due to its higher magnitude.   
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Figure 6.37: Maximum bending moment acting on rockbolts located at different 

tunnel position for Nepal earthquake (2015) and Uttarkashi earthquake (1991) 

 

6.10 THE PERFORMANCE OF ROCKBOLT – PARAMETERIC STUDY 

The performance of rockbolt may be affected according to different parameters under 

consideration. This variation can be according to rockbolt properties, the wave 

properties or the rockmass properties. Analysis of the performance of the rockbolts 

under dynamic loading condition for various properties is done in the current section. 

The model used in the parametric study is the same as that of the Tehri dam site. One 

input parameter at a time is varied for the study while keeping the others constant. Input 

is a sinusoidal wave with a frequency of 1 Hz acting for a duration of 20 s. The 

amplitude of the input is selected to be 1 m/s corresponding to the minimum peak 

particle velocity affecting any tunnel structure. The variation in normal force, shear 

force and bending moment acting on the rockbolt corresponding to varying properties 

are studied. 
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6.10.1 Rockbolt Diameter 

Rockbolts of different diameters are available in the market and size used in a tunnel 

ranges typically between 20 mm to 24 mm. It is important to know the performance of 

rockbolt diameter under dynamic load. The effect of rockbolt diameters variation from 

20 mm to 34 mm is studied. This will allow in providing the required diameter rockbolt 

or designing a specific rockbolt for critical projects. Figure 6.38 shows the change in 

normal force on each rockbolt with the change in diameter. The effect on rockbolt 

performance highly depended on the position of the rockbolt. The variation in normal 

force in the rockbolts for the upper (tunnel position 180° to 360°) and lower half ( 22.5° 

to 157.5°) of the tunnel is different. Normal force on bolts passing through joints is 

comparatively unaffected by the change in diameter. However, bolts through intact 

block experience an increase in normal force as the diameter increases. This change is 

more pronounced in the rockbolts on the lower half, rockbolt numbers 1, 2, 4, 5, 6 and 

16 (0˚ to 135˚) of the tunnel. In the upper half of the tunnel also, rockbolts undergo 

higher normal force for larger diameter rockbolts, but the effect is comparatively low.  

Even with these changes, the maximum normal force still acts on rockbolt numbers 3 

and 9 with a force of 112.3 kN and 112.5 kN respectively. However, at 32 mm and 34 

mm diameters, rockbolts 2 and 6 also approach a normal force of 106.7 kN and 109.2 

kN.  

The shear force on bolts through intact rock is negligible compared to jointed rocks 

as seen in Figure 6.33. An increase in shear force occurs as the diameter of the rockbolt 

increases from 20 mm to 34 mm (Figure 6.39).  Increase in shear force occurs on all 

bolts with the increase in diameter, but it is negligible for rockbolts through intact 

blocks. As the rockbolt diameter increases, strength and modulus of the rockbolt also 

increase, producing higher resistance. Jalalifar et al. (2005), in their study on rockbolt 

shear, noticed a higher resistance is offered by rockbolt with bigger diameter. Shear 

force is maximum in rockbolt 15 as it produces 17.42 kN for 34 mm rockbolt diameter. 

The maximum ratio of shear force increase is on rockbolt number 13 as shear force 

increases from 0.87 kN for a 20 mm rockbolt to 8.21 kN at 34 mm. The increase in 

shear force in rockbolts 13 and 14 are also comparably high, producing a maximum 

value of 11.08 kN and 11.95 kN respectively for 34 mm diameter rockbolts. However, 

with the increase in diameter from 20 mm to 34 mm, the change in shear force is lowest 

for rockbolt 3, where it increases from 1.92 kN to 5.14 kN. This indicated a predominant 
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increase in shear force on the rockbolts in the upper half of the tunnel compared to the 

lower half. This might be due to the additional force acting on the blocks due to gravity. 

  

 
Figure 6.38: Normal force acting on each rockbolt with variation in rockbolt diameter 

 

 
Figure 6.39: Shear force acting on each rockbolt with the change in rockbolt diameter 
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The angle between the rockbolt and joint is different for each rockbolt. Rockbolts 3 

and 9 are at angles 23˚ and 20˚ to the joint, while rockbolts 13, 14 and 15 are at angles 

62˚, 84˚ and 73˚ respectively with the joint. Though there might be an effect on the 

angle of rockbolt placement, these results point out that the position of the bolt plays a 

much significant role. 

As the shear force increases, the bending moment also increases as in Figure 6.40. 

The bending moment acting on rockbolts passing through joints increases as the 

diameter of the rockbolt increases. The increase in bending moment for rockbolts 

through joints is shown in Figure 6.41. Bending moment acting on rockbolt 15 is 7.38 

kNm for 34 mm diameter and is the maximum among all the rockbolts. But the increase 

in bending moment is lowest for rockbolt 3 from 0.82 kNm to 3.08 kNm as the diameter 

increases from 20 mm to 34 mm.  

 

 
Figure 6.40: Bending moment acting on each rockbolt with the change in rockbolt 

diameter 
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Figure 6.41: Effect of diameter on bending moment for rockbolts passing through 

joints 

 

6.10.2 Length of the Rockbolt 

The embedment length of all bolts is greater than one meter and as per standards. Figure 

6.42 shows the rockbolt orientation in rockmass for lengths 4 m and 5 m. The 

orientation of 3 m bolt is the same as that of Figure 6.14. With the increase in rockbolt 

length, the embedment length of the existing bolts increases. However, the new 

intersections may not follow the minimum embedment length rule. Bolt numbers 10, 

11, 12 and 16 which passed through intact blocks earlier, now passes through joints for 

increased bolt length of 4m. When the bolt length is increased to 5m, rockbolt number 

2 also gets intersected by joints. Additionally, as the bolt length is increased to 4 m and 

5 m, rockbolt number 9 intersects a second pair of joint. The study will give us an 

understanding on the effect of embedment length on rockbolts under dynamic 

conditions. This also gives an insight into the difference in the forces acting on rockbolt 

under the intact and jointed condition. 
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(a)       (b) 

Figure 6.42 : Rockbolt orientation for bolt lengths (a) 4 m (b) 5 m 

 

 
Figure 6.43: Normal force acting on rockbolt for different bolt lengths 

 

Figure 6.43 shows the variation of normal force with the increase in bolt length. 

Under all bolt, a maximum normal force acts on rockbolt 3. It can be noticed that the 

normal force on the bolt increases as the bolt length increases. As the bolts pass through 

a joint, an increase in normal force is observed. The normal force acting on the bolt 

further increases as the embedment length increases. Rockbolt 9 on the increase of 

length passes through a second set of joint. This leads to an increase in the normal force 
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acting on the bolt. However, as the bolt length is further increased to 5m, a better 

embedment is obtained, and the normal force slightly decreases. Rockbolt 16 undergoes 

a large change in normal force with the increase in bolt length. Sato et al. (2004) stated 

that embedment length has no effect on bond strength under dynamic loading condition 

but does not give any details about the change in force acting on the bolt. An increase 

embedment length leads to a decrease in shear force (Figure 6.44) and bending moment 

(Figure 6.45) on the rockbolts. The bolts already passing through joints have slightly 

lower bending moment. However, for new intersections, an increase in shear force and 

bending moment occurs at 4m, which later decreases when bolt length increases to 5 

m. For bolts which do not have a joint intersection, the increase in bolt length is found 

to bring little or no difference in normal force, shear force and bending moment.  

 

 
Figure 6.44: Shear force acting on rockbolt for different bolt lengths 

 



 

146 

 

 

Figure 6.45: Bending moment acting on rockbolt for different bolt lengths 

 

 

6.10.3 Joint Friction 

Joint friction determines the strength of joint to a large extent. For bolts not passing 

through joints, no effect is visible. Figure 6.46 to Figure 6.48 shows the effect of 

increasing joint friction on normal force, shear force and bending moment. The joint 

friction is varied from 28˚ to 40˚ Figure 6.46 shows the variation of normal force acting 

on the bolts with varying joint friction. Normal force is unaffected by the change in 

joint friction. However, shear force and bending moment acting on rockbolts decreases 

with an increase in joint friction as shown in Figure 6.47 and Figure 6.48. As the joint 

friction increases, the relative displacement between the blocks reduces, which leads to 

a decrease in shear force and bending moment acting on the bolts. Since the shear 

displacements being mainly affected by joint friction, the normal force is largely 

unaffected.  
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Figure 6.46 : Effect of joint friction on rockbolt normal force 

 

 

 
Figure 6.47 : Effect of joint friction on rockbolt shear force 
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Figure 6.48: Effect of joint friction on rockbolt bending moment 

 

6.10.4 Frequency of the Dynamic Input Motion 

Under dynamic loading, the frequency of the incoming wave is identified to have a high 

influence on the tunnel. Frequencies between 1 Hz to 6 Hz found to have impact on the 

tunnel or tunnel structure (Roy and Sarkar, 2018). For the current study, the frequency 

is varied from 1 Hz to 6 Hz to understand its effect on different rockbolts. The normal 

force acting on rockbolts varies with frequency. Figure 6.49 shows that maximum 

normal force exerted by each frequency is on different rockbolt. The maximum normal 

force of 112.6 kN acts on rockbolt 9. Other frequencies also exert the similar magnitude 

of normal force on rockbolt number 9. Rockbolt numbers 3 also experience the almost 

equal normal force of 112.3 kN at all frequencies. Next highest normal force acts on 

rockbolt number 13 of 110 kN at 3 Hz. Individually each rockbolt experiences different 

maximums for different frequencies. For rockbolts through intact blocks, the maximum 

normal force is mostly exerted by 1 Hz frequency. 
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Figure 6.49: Variation in normal force with change in frequency 

 

 
Figure 6.50: Variation in shear force with the change in frequency 

 

The shear force (Figure 6.50) and bending moment (Figure 6.51) acting on all the 

rockbolts passing through joints are considerably affected by frequency. However, the 

maximum shear force and bending moment do not occur for the same frequency in all 

the rockbolts. This shows that each frequency wave affects different points in the 

tunnel. The upper half of the tunnel is mainly affected at a frequency of 1 Hz. The effect 
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by the other frequencies are small and one-fourth of that of1 Hz, in rockbolts 13, 14 and 

15. For rockbolt 3, the frequencies 1 Hz and 2 Hz exerts maximum moment whereas in 

rockbolt 9 frequencies 4 Hz and 5 Hz exerts maximum moment. This implies that the 

damage or stress occurring in a tunnel depends on the frequency of the incoming stress 

wave.  An incoming wave of different frequencies affects different parts of the tunnel. 

The influence of frequencies higher than 5 Hz is found to be negligible on shear force 

and bending moment. 

 

 

Figure 6.51: Variation in bending moment with change in frequency 

 

6.10.5 Duration of Dynamic Input Motion 

Time duration over which the dynamic load acts affects the forces acting on the 

rockbolts. The duration of dynamic input is varied from 5 s to 20 s. However, it is 

noticed that the effect of duration on normal force, shear force and bending moment 

(Figure 6.52, Figure 6.54 and Figure 6.55 respectively) relatively small. Similar 

findings are presented in the study by Ahola et al. (1996) where the tunnel 

displacements were found to have very little variation with amplitudes less than the 

threshold. 
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Figure 6.52: Effect of duration on normal force 

 

 
Figure 6.53: Effect of duration on shear force 
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Figure 6.54: Effect of duration on bending moment 

 

 

6.10.6 Amplitude of the Dynamic Input Motion 

Failure of any structure depends on the maximum force acting on it. The studies from 

Chapter 5 also highlights the presence of a threshold amplitude beyond which the 

dynamic loads trigger the tunnel deformation. Researchers point out that a peak particle 

velocity below 800 mm/s produces a negligible effect on a rockbolt. In the current 

research, the wave amplitude is varied from 400 m/s to 1200 m/s. Figure 6.55, Figure 

6.56 and Figure 6.57 show the maximum normal force, shear force and bending moment 

acting on each rockbolt at different load amplitudes respectively. The effect of change 

in amplitude is different in the upper half of the tunnel and lower half of the tunnel. The 

normal force acting on rockbolts 3 and 9 which passes through joints are comparatively 

unaffected by the increase in amplitude. However, the bolts through intact block are 

affected, and an increase in normal force occurs with an increase in amplitude. For the 

upper half of the tunnel, normal force increases with an increase in amplitude. This is 

most significant in rockbolt 13. Normal force acting on rockbolt 13 increases to 113 kN 

from 23.7 kN as amplitude changes from 0.4 m/s to 1200 m/s. Maximum normal force 

acts on rockbolts 3, 9 and 13 at 1.2 m/s. 
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Figure 6.55: Effect of load amplitude on normal force 

 

 
Figure 6.56: Effect of load amplitude on shear force 
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Figure 6.57: Effect of load amplitude on bending moment 

 

The shear force and bending moment increase in all rockbolts as amplitude increases. 

The increase is more significant in the upper half of the tunnel compared to the lower 

half. Rockbolt 15 experiences a maximum shear force and bending moment at 0.6 m/s 

wave amplitude. The bending moment and shear force for rockbolt 15 further decreases 

with an increase in amplitude. Similar variation occurs on rockbolt 9 as well. This 

suggests a difference in the magnitude of shear loads acting on bolts adjacent to the 

walls of the tunnel.  

 

6.11 SUMMARY 

The present chapter attempts to understand the performance of rockbolts under seismic 

conditions. A headrace tunnel of Tehri dam site in seismic zone V is considered. 

Rockbolts are considered to be the only support system around the tunnel and its 

response under the action of two earthquakes. The study is then extended to understand 

the effect of different parameters on the rockbolts.  

The normal force, shear force, bending moment and deformations acting on the 

rockbolts are analysed to understand the performance of the rockbolts. The behaviour 

for rockbolts passing through joints and intact blocks are compared under static and 

seismic conditions. The pattern of maximum forces acting, and the position of 
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maximum force acting also differs. Normal force is found to act on all rockbolt under 

static and seismic conditions. The maximum normal force acts on rockbolts passing 

through joints. Shear force and bending moment act only on rockbolts intersecting 

joints. The magnitude of shear force and bending moment increases under the action of 

earthquake load, and the effect is predominant in the bolts passing through joints on 

tunnel shoulders. The deformation of rockbolts is higher under the action of seismic 

load compared to static load. The displacement patterns for Uttarkashi earthquake 

(1991, Mw=6.8) and Nepal earthquake (2015, Mw=8.1) showed different trends. Hence 

giving light to the fact that pattern of failure affected by the earthquake characteristics. 

A parametric study is carried out to understand the performance of the tunnel under 

different rockbolt, earthquake and rock mass conditions. Rockbolts are found to have 

an increase in the forces, as the rock bolt diameters are increased. This increase is most 

predominant in the upper half of the tunnel compared to the lower half. The rockbolts 

passing through joints are found to produce maximum force.  The embedment length is 

found to decrease the shear force and bending moment acting on the rockbolt. When a 

rockbolt initially in intact block coincides with a joint, an increase in shear force and 

bending moment occurs. Shear forces and bending moment subsequently decreases 

with the increase in embedment length. The relative displacement between blocks being 

influenced by the joint friction leads to a decrease in relative displacement with increase 

in the joint friction value. This leads to a decrease in shear force and bending moment 

as the joint friction increases. Normal force acting on the rockbolts remain 

comparatively unaffected by the change in joint friction.  

The earthquake properties are found to have considerable influence as seen from the 

results of Uttarkashi earthquake (1991, Mw=6.8) and Nepal earthquake (2015, Mw=8.1). 

Hence, the effect of frequency and duration of an incoming earthquake is studied. With 

the variation of incoming wave frequency, different parts of the tunnel behave 

differently. The normal force acting on each rockbolt differs for different frequency and 

is found to follow no uniform pattern. The increase in the duration of loading is found 

to increase the forces acting on the rockbolt. However, these changes are comparatively 

small since the duration makes a negligible influence on the rockbolt for lower 

earthquake magnitude. The forces acting on each rockbolt is also found to be affected 

by the amplitude of the incoming wave. Increase in the forces are also observed with 

an increase in amplitude.  
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CHAPTER 7 

 

PERFORMANCE OF SHOTCRETE UNDER SEISMIC LOAD 

 

7.1 INTRODUCTION 

Shotcrete, also known as sprayed concrete lining (SCL), is extensively being used as a 

temporary or permanent support system in rock tunnels. Rabcewicz (1969) identified 

shotcrete to be a material well suited for tunnelling due to 1) Shotcrete can be used as 

a permanent support structure 2) provides the characteristics of a good support system 

and allows small deformations due to stress redistribution along with resistance to large 

strains 3) provides support to all types of geometry. The use of shotcrete has allowed 

the construction of tunnels of various size and cross-section quickly and economically. 

This is especially true for the excavations of blocky rock, where the method and shape 

of excavation depends on the strength of the rock and type of jointing. The sprayed 

concrete helps in providing support to the blocks. A layer of shotcrete used in tunnels 

is of 50 mm to 150 mm thickness with requirement for reinforcement with steel fibres 

or wire mesh depending on the load acting. 

The performance of shotcrete is supposed to be very good under the action of seismic 

loads due to its flexible nature and their lower vulnerability under its inertia (Thomas, 

2009). However, a lack of good understanding on the performance of shotcrete under 

the action of an earthquake is persistent. The present study attempts to identify the 

performance of shotcrete during earthquakes when it is acting as the only supporting 

member in a tunnel. For the study, the headrace tunnel of Tehri dam as discussed in 

Chapter 6 is considered with shotcrete as the support system. The earthquake histories 

of Uttarkashi (1991, Mw=6.8) and Nepal (2015, Mw=8.1) as described in the previous 

chapter, is considered for analysis. A parametric study is carried out as in the case of 

rockbolt to understand the performance of shotcrete under various conditions of seismic 

loading. 
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7.2 SHOTCRETE FORMULATION AND CALCULATIONS IN NUMERICAL 

MODEL 

The analysis of the shotcrete in UDEC is similar to rockbolt, where the structure 

discretised first into nodes over which the mass concentrated. The axial, shear and 

rotational forces acting are calculated on these nodes by the matrix equation, 
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Figure 7.1: The segmental division of shotcrete as lumped mass. 

 

The desirable characteristics of the formulation are the slip between support and 

excavation, which can be modelled similar to the slip along discontinuities and that 

large displacements and nonlinear behaviour of the material are adjusted inherently. 

The material model used in this surface lining can simulate inelastic behaviour. It can 

exhibit ductile or brittle behaviour, but the material model does not support shear 
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failure. Moment thrust interaction values are used for calculations and corresponding 

failure. The axial forces and bending moments acting on the shotcrete are calculated as 

A
FF

P tc

2


          (Eq. 7.2) 
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        (Eq. 7.3) 

where, P is the axial force, M is the bending moment, Fc and Ft are compressive and 

tensile strength of the material, I is the moment of inertia and h is the thickness of the 

shotcrete. At every calculation step, the axial force and moment are compared to the 

ultimate capacity. When any node reaches the ultimate value, the node is assigned with 

a fracture flag, which ensures that the future evaluations for the particular node will use 

“cracked” failure envelope and residual strength capacity. For unreinforced concrete 

and shotcrete, cracking is permissible with crack depth ratio (
h

hc ) upto 0.5. The axial 

force and moment under this condition is represented as, 
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7.3 NUMERICAL MODELLING OF THE TUNNEL 

A UDEC model of Tehri dam head race tunnel as discussed in chapter 6 (sections 6.4 

and 6.6) is used in the current study. Keeping the rock mass and tunnel structure same, 

the tunnel support system is replaced with shotcrete. The tunnel is supported by 

shotcrete of 10 cm thickness, which is uniformly sprayed around the tunnel. This 

shotcrete is discretised into 60 nodes over which the mass is distributed. The velocity 

histories (Figure 6.6 and 6.10) are applied as shear input at the base of the model. The 

properties of the shotcrete are as provided in Table 7.1 and Figure 7.2 shows the 

schematic UDEC model.  The rockmass properties are as in Table 6.2. The tunnel 

position mentioned in the chapter is similar to the  
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Table 7.1: Shotcrete properties considered for the numerical analysis 

Parameter Value 

Characteristic strength (MPa) 20 

Factor of safety 1.5 

Density (kg/m3) 2500 

Modulus of elasticity (GPa) 21 

Poisson’s ratio 0.15 

Thickness (mm) 100 

Interphase Normal Stiffness (Pa/m) 
1 x10

10

 

Interphase Shear Stiffness (Pa/m) 
1 x10

10

 

Interphase Friction Angle (degree) 40 
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Figure 7.2: Numerical model for the Tehri dam tunnel 
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7.4 PERFORMANCE OF SHOTCRETE UNDER EARTHQUAKE LOAD 

The tunnel supported by shotcrete is initially analysed under static loading condition. 

To the structure stable under static condition, the earthquake signals of Uttarkashi 

(1991, Mw=6.8) and Nepal (2015, Mw=8.1) are provided. Figure 7.3 shows the cross 

section of the tunnel under the action of a) static load b) seismic load with Uttarkashi 

(1991, Mw=6.8) and c) seismic load with Nepal (2015, Mw=8.1).  

 

    

Figure 7.3: Shotcrete deformation (a) static loading (b) Seismic load (Uttarkashi 

earthquake, 1991, Mw=6.8) (c) Seismic load (Nepal earthquake, 2015, Mw=8.1) 

 

 
Figure 7.4: Failure on tunnel shoulders No. 1 San-I railway tunnel after Chi-Chi 

earthquake (Wang et al., 2001) 
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The response of the shotcrete under static load in Figure 7.3 (a) shows that it is safe 

and intact. It also shows that the shotcrete is strong enough to be used as a support 

structure for the tunnel under static conditions. Under the action of Uttarkashi 

earthquake (1991, Mw=6.8),  no deformation (Figure 7.3(b)) is observed and the 

shotcrete does not show any signs of spalling or breakage. However, under the action 

of Nepal earthquake (2015, Mw=8.1) (Figure 7.3 c), the shotcrete undergoes spalling at 

3 locations, one near the invert and the other two on the shoulders of the tunnel. These 

locations are points of intersection between the rock joint and shotcrete. The spalling 

of shotcrete at these points are assumed to be directly related to the movement of joints 

and the force exerted on the shotcrete by the relative displacement of rock blocks. The 

literature also shows the presence of cracks at the shoulders as a common failure 

mechanism as shown in Figure 7.4. 

   
(a)      (b) 

 
       (c) 

Figure 7.5: Normal Force acting on shotcrete (a) Static load (b) Seismic load 

(Uttarkashi earthquake, 1991, Mw= 6.8) (c) Seismic load (Nepal earthquake, 2015, 

Mw= 8.1) 
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Figure 7.5 shows the maximum normal force acting on each part of the shotcrete. 

Under static conditions, the rock joint and shotcrete interface between the sidewall and 

shoulder (180° and 220°) experiences a maximum normal force of 3079 kN. The 

maximum normal force acting on the shotcrete increases under the action of Uttarkashi 

earthquake (1991, Mw=6.8) when compared to the normal force acting on the shotcrete 

under static condition. The position of maximum normal force concentration happens 

on the sidewall with a magnitude of 3640 kN. However, this normal force decreases 

under the action of Nepal earthquake (2015, Mw=8.1) and the position of the maximum 

force also changes. The maximum normal force acts on the haunch with a maximum of     

216.4 kN.  This decrease is assumed to be due to the spalling of shotcrete at positions 

of maximum normal force under the static conditions, as shown in Figure 7.5. This also 

leads to loss in contact between shotcrete and rockmass.  

   
(a)      (b) 

 
(c) 

Figure 7.6: Bending moment acting on shotcrete (a) Static load (b) Seismic load 

(Uttarkashi earthquake, 1991, Mw=6.8) (c) Seismic load (Nepal earthquake, 2015, 

Mw=8.1) 
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Figure 7.6 shows the maximum bending moment acting on the shotcrete. Under 

static conditions, the maximum bending moment acting on the shotcrete is -11.78 kNm 

on the tunnel invert close to a rock joint intersection. The value increases to -13.84 kNm 

on the tunnel invert during Uttarkashi earthquake (1991, Mw=6.8), though certain 

additional zones of bending moment concentration could be observed. However, under 

the action of Nepal earthquake (2015, Mw=8.1), the position of bending moment 

changes to the tunnel sidewall along with additional concentrations. Interestingly these 

positions of bending moment concentrations are also points of rock joint and shotcrete 

intersection. This shows that there is a significant effect of rock joints on shotcrete 

structure. It can be noticed that, with an increase in the intensity of the earthquake, 

bending moment on the shotcrete also increases.  

 

7.5 PERFORMANCE OF SHOTCRETE - PARAMETRIC STUDY 

The performance of shotcrete largely depends on the properties of the surrounding 

medium, shotcrete or the incoming stress wave.  Researchers have conducted extensive 

studies on the performance of concrete liners under the action of earthquake load for 

various tunnelling conditions (Zou et al., 2012; Do et al., 2015; Roy and Sarkar, 2018; 

Miao et al., 2018). This section tries to analyse the effect of various parameters on 

shotcrete behaviour. The model used in the parametric study is the same as that of 

Figure 7.2. One of the parameters is varied for the study while keeping the others 

constant. Input is a sinusoidal wave with a frequency of 1 Hz acting for a duration of 

20 s. The amplitude of the input is selected to be 1000 mm/s corresponding to the 

minimum peak particle velocity affecting any tunnel structure. The variation of 

shotcrete deformation, normal force and bending moment is considered in the 

subsequent sections. 

 

7.5.1 Joint Friction 

The slippage between blocks is highly influenced by interjoint friction. At higher 

friction angles, the joints undergo lesser relative motion between the blocks and are 

according to Coulomb slip model (Eq. 4.7). To understand the behaviour of shotcrete 

under different joint friction values, it is varied from 28º to 40º. Figure 7.7 shows the 

spalling occurring on the shotcrete under the action of seismic load for different joint 
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friction. Under the static condition, the effect of joint friction is negligible. It can be 

seen from Figure 7.7 that for 28º joint friction, the spalling occurring on the shotcrete 

is relatively high. Here, the blocks are relatively loose with higher sliding. This is 

especially true for the crown and the shoulders of the tunnel. At tunnel haunch, shotcrete 

close to rock joint also undergoes spalling. As the joint friction value increases, the 

spalling reduces. This is evident at the crown, where only intermittent spalling is visible 

compared to complete spalling at the crown and shoulder. Spalling of the crown is 

visible due to the compressive forces acting due to overlying load similar to what Roy 

and Sarkar (2018) also observed. 

 

 

  
Figure 7.7: Performance of shotcrete under different joint frictions (contd.) 
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Figure 7.7: Performance of shotcrete under different joint frictions  
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Figure 7.8: Normal force acting on the shotcrete for different joint friction (contd.) 

 



168 
 

 

 
Figure 7.8: Normal force acting on the shotcrete for different joint friction  

 

 
Figure 7.9: Variation in maximum normal force with variation in joint friction 
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Figure 7.7 shows a decrease in spalling with an increase in joint friction. This decrease 

leads to increased contact between the shotcrete and rockmass, leading to the higher 

normal force on the shotcrete (Figure 7.8). However, after the initial increase in the 

normal force, a sudden reduction followed by an increase is observed. The maximum 

normal force under static condition is between the sidewall and shoulder of the tunnel. 

This is also a zone through which a joint is passing. However, under the action of 

earthquakes, the shotcrete at this zone is no longer in contact with the tunnel. The 

decrease is not continuous with the variation of joint friction. Figure 7.9 shows the 

variation of maximum normal force acting on the shotcrete for different joint friction 

values. The normal force increases from 104.4 to 108.9 kN, as joint friction increases 

from 28˚ to 32˚. This pattern is found to be repeated at every 6˚ rise of joint friction. 

This change is assumed to be due to the change in spalling pattern and movement of 

the rock block. The slight change in position of the maximum normal force resonates 

with the pattern. Figure 7.10 shows the pattern of bending moment acting on the 

shotcrete under static and different joint friction conditions. Maximum bending moment 

is found to act near the invert of the tunnel.  An increase in bending moment occurs 

under the action of the seismic load when compared to static conditions. This variation 

in the maximum moment is similar to that of the normal force. The maximum bending 

moment under static conditions is -11.79 kNm which increases to -28.25 kNm under 

for seismic loading with joint friction of 28˚. The bending moment further increases to 

-32.38 kNm and then decreases to -23.43 kNm. Figure 7.11 shows this variation pattern 

of maximum bending moment. 
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Figure 7.10: Bending moment acting on the shotcrete for different joint friction 

(contd.) 
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Figure 7.10: Bending moment acting on the shotcrete for different joint friction 

 

  

 
Figure 7.11: Variation in maximum bending moment with change in joint friction 
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7.5.2 Shotcrete Thickness 

Design of shotcrete thickness is normally based on experience and rule of thumb. The 

thickness can be irregular as per the excavation need. The required shotcrete thickness 

is correlated to Rock Structure Rating (RSR) by Wickham et al. (1972). With 10 m span 

of opening and Rock Mass Rating (RMR) under consideration, Biewanski (1989) gave 

recommendations on shotcrete thickness. However, these recommendations and studies 

are for openings under static conditions only and the action of dynamic loads is not 

considered therein. The variation in shotcrete deformation, normal force and bending 

moment under the action of seismic load for different shotcrete thickness is analysed in 

this section. The shotcrete thickness is increased from 0.05 m to 0.5 m (5 cm to 50 cm) 

to understand the change in the forces acting at all points in the shotcrete. Figure 7.12 

shows the shotcrete deformation for different shotcrete thickness. According to the 

deformation pattern, the shotcrete spalling is found to increase with the thickness of the 

shotcrete. The maximum spalling position also varied as the shotcrete thickness varied. 

The spalling at the tunnel roof is more with increased thickness. This increase in roof 

spalling must be due to the additional concrete weight, which increases the effect of the 

already spalled area. Spalling also occurs on the tunnel invert and shifts towards 

sidewalls as the thickness increases. This shows the change in force concentration with 

an increase in shotcrete thickness. The numerical simulations consider the shotcrete as 

beam elements and the weight acting expected to be higher as the thickness increases. 

 Figure 7.13 shows the normal force distribution on the shotcrete for different 

thickness. The maximum normal force acting on the shotcrete is found to act between 

the invert and the sidewall and shifts towards the sidewall as the shotcrete thickness 

increases. The maximum normal force acting on the shotcrete is found to decrease with 

increasing thickness, as shown in Figure 7.14. This decrease might be due to the higher 

depths for load distribution. And the shift in the position of maximum normal force is 

due to the extra deformations in shotcrete that exert force on the nearest point of contact. 



173 
 

  

    

  

Figure 7.12: Performance of shotcrete under different shotcrete thickness 

 

 



174 
 

  

  

  

Figure 7.13: Normal force acting on the shotcrete for different shotcrete thickness 
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Figure 7.14: Maximum normal force for different shotcrete thickness 

 

Figure 7.15 shows the variation in bending moment distribution around the shotcrete. 

The shotcrete thickness is varied from 50 mm to 500 mm. High bending moments are 

also experienced by shotcrete layer on the tunnel roof that underwent spalling. Zones 

with spalling are under the influence of the high bending moment. The maximum 

bending moment acting on the shotcrete is usually concentrated around the tunnel invert 

where spalling occurs. Figure 7.16 shows the variation in maximum bending moment 

with an increase in shotcrete thickness.  

 

 
Figure 7.16: Maximum bending moment for different shotcrete thickness 
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Figure 7.15: Bending moment acting on the shotcrete for different shotcrete thickness 
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7.5.3 Wave Frequency of Dynamic Input Load 

The effect of incoming wave frequency on the shotcrete/concrete liner structure is 

investigated by various researchers (Zou et al., 2012; Roy and Sarkar, 2018). Zulficar 

et al. (2012) found that the effect of seismic loading on rock structures is predominant 

when the frequency ranges from 1 to 6 Hz. So this study concentrates on the variation 

in this lower frequency ranges. Figure 7.17 shows the change in shotcrete deformation 

for different frequencies. It can be seen that, each of the frequencies affect the shotcrete 

differently even when the applied seismic amplitude is the same. For 1-2 Hz frequency, 

spalling of concrete occurred at the tunnel invert as well as on the roof. At 3-4 Hz, 

frequency, even though slight spalling is observed, the magnitude is less, especially on 

the tunnel roof. Also a shift from the tunnel shoulder to the tunnel crown is visible for 

frequencies 1 Hz to 3 Hz. The spalling at the crown is not present for frequencies greater 

than 3 Hz. At all frequencies, the area between the sidewall and the invert is found to 

have a certain amount of spalling. However, the position of this bending is found to 

change under each frequency. The position of the spalled portion of shotcrete shifts 

from the invert towards sidewall with an increase in frequency. 

Figure 7.18 shows the variation of normal force on the shotcrete. The maximum 

normal force is commonly found to act adjacent to the zone of bending and spalling of 

shotcrete on the tunnel invert. The maximum normal forces of 103.2 kN and 103.7 kN 

is experienced at 3 Hz and 6 Hz frequencies respectively. The maximum normal force 

is found to be acting on the points of contact next to the area of spalling.  The value of 

maximum normal force is found to follow a pattern of increase with frequency.  

Figure 7.19 shows the change in bending moment acting on the shotcrete under the 

influence of various frequencies. The maximum bending moment is always found to 

act on the point of spalling between the tunnel invert and sidewall, as shown in Figure 

7.20. The maximum bending moment is -28.34 kNm and -21.87 kNm for 2 Hz and 1 

Hz frequencies respectively. The decrease in bending moment with increasing 

frequency is visible, which might be due to the decrease in deformation with increasing 

frequency. This shows that the portion of the tunnel being affected under the action of 

seismic load largely depends on the incoming wave frequency.  
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Figure 7.17: Performance of shotcrete under different incoming wave frequencies 
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Figure 7.18: Normal force acting on the shotcrete for different incoming wave 

frequencies 
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Figure 7.19: Bending moment acting on the shotcrete for different incoming wave 

frequencies 
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7.5.4 Duration of Dynamic Input Load  

The impact of longer durations of earthquake loads has always found to be more 

devasting in nature. The variation in the forces acting on the shotcrete under different 

durations are analysed. This helps in understanding the changes in shotcrete with 

loading duration. The duration of loading for the sinusoidal wave is varied from 5 s to 

20 s. Figure 7.20 shows the variation in shotcrete deformation under different loading 

durations. It shows that the spalling occurring on shotcrete increases with increase in 

loading duration. The spalling is concentrated only near two location of rock joint and 

shotcrete intersection for a loading duration of 5 s and 10 s. But as the loading duration 

is increased to 15 s and 20 s, the spalling on the roof of the tunnel is very evident. This 

shows that the increase in loading duration increases the effects on shotcrete.  

 

  

  
Figure 7.20: Performance of shotcrete under different incoming wave duration 
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Figure 7.21 shows the variation of normal force on the shotcrete under different 

loading duration. A decrease in maximum normal force is observed with increase in 

duration. This could be due to the loss in contact at different points between the 

shotcrete and the tunnel walls. Figure 7.22 shows the variation of bending moment 

along the shotcrete for various loading durations. With the increase in loading duration, 

the bending moment acting on the shotcrete is found to increase. The maximum bending 

moment acting on the shotcrete is found to be -31.84 kNm at 15s duration.  

 

  

  

Figure 7.21: Normal force acting on the shotcrete for different incoming wave 

duration 
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Figure 7.22: Bending moment acting on the shotcrete for different incoming wave 

duration 

 

7.5.5 Amplitude of Dynamic Input Load 

The tunnels were found to be affected by dynamic blast loads when the peak particle 

velocity is more than 800 mm/s (Dowding, 1984). To understand the effect of the 

amplitude of the incoming wave, the seismic load amplitude is varied from 400 mm/s 

to 1400 mm/s.   
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Figure 7.23: Performance of shotcrete under different incoming wave amplitude 
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Figure 7.24: Normal force acting on the shotcrete for different incoming wave 

amplitude 

 



186 
 

  

  

  
Figure 7.25: Bending moment acting on the shotcrete for different incoming wave 

amplitude 
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Figure 7.23 shows the variation in the shotcrete deformation for various wave 

amplitude.  It can be seen from Figure 7.23 that as the amplitude of loading increases, 

the tunnel deformations increase. It is interesting to note that even the positions of 

shotcrete spalling changes under different loading amplitudes. For 400 mm/s amplitude, 

slight spalling is observed on the tunnel, one on the shoulder and the other diagonally 

opposite to it. The spalling on the shotcrete for amplitudes greater than 400 mm/s 

concentrated on the tunnel roof and shoulder. Slight spalling is also found between the 

invert and the sidewall. This spalling is found to increase with the increase in amplitude. 

The position of spalling between the invert and sidewall is also found to vary with 

different amplitude.   

Figure 7.24 shows the variation in normal force acting along the shotcrete with an 

increase in amplitude. The normal force is found to decrease with the increase in wave 

amplitude. This is assumed due to the increased spalling on the shotcrete, which 

decreases the normal force. Figure 7.25 shows the variation of bending moment along 

the shotcrete. The bending moment acting on the shotcrete is found to increase with the 

increase in the amplitude of wave input. The decrease is spalling at the crown is due to 

the failure of the crown. This compares well with the previous research that peak 

particle velocity (PPV) beyond 800 mm/s causes failure in the tunnel. Spalling of the 

tunnel crown is found to be common failure pattern, especially with increasing 

incoming wave amplitude. The separation of tunnel liner or shotcrete from the crown 

is observed as seen in Wenchuan earthquake (2008, Mw=7.9) (Figure 7.26). 

 

 
(a)       (b) 

Figure 7.26: Spalling of liner from roof of (a) Longxi tunnel in Wenchuan Earthquake             

(Yu et al., 2016) (b) Yingxiuwan Hydropower Station under the Wenchuan 

Earthquake (Wang et al. 2018) 
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7.6 SUMMARY 

The current chapter focuses on the performance of shotcrete under the action of 

earthquake loads. The headrace tunnel of Tehri dam is considered assuming shotcrete 

as the only support system. The Uttarkashi earthquake (1991, Mw=6.8) and Nepal 

earthquake (2015, Mw=8.1) are used as the input data to study the performance of the 

tunnel under seismic conditions. The tunnel showed good stability under static 

condition when only shotcrete is used as support. No spalling or shotcrete deformations 

are observed under static conditions. Shotcrete is found to remain stable under the 

action of Uttarkashi earthquake (1991, Mw=6.8) as well. However, under the action of 

Nepal earthquake (2015, Mw=8.1), spalling took place at different places on the 

shotcrete. These positions are close to the shotcrete and rock joint intersection.  

A parametric study is performed to understand the effect of different shotcrete 

parameters, wave parameters and joint parameters. Of all the parameters, the wave 

frequency and amplitude is found to have a significant effect on the tunnel support. It 

could be noticed that the position of force concentration and spalling varied with 

frequency and failure occurred when the amplitude is found to be greater than 800 

mm/s. The pattern of shotcrete deformation is in line with the patterns found in the 

literature for different tunnels under the action of an earthquake. The findings from the 

current study compare well with the failure patterns from the literature.  
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CHAPTER 8 

 

PERFORMANCE OF ROCKBOLT AND SHOTCRETE 

SUPPORT COMBINATION UNDER SEISMIC LOAD 

 

8.1 INTRODUCTION 

The tunnel support system consists of a combination of one or more supports. Different 

combinations of rockbolt, shotcrete and tunnel liners are used in tunnelling depending 

on the site conditions. Among these, the combination of rockbolt and shotcrete is most 

commonly used in tunnel construction, especially in NATM (ONORM B 2203, 1993; 

Bienwaski, 1989). For a ravelling tunnel in which joints cause a reduction in strength, 

combined shotcrete and rockbolt system in roof and at springline is recommended 

(Table 2.2). Combination of rockbolt with shotcrete is the most used support technique 

for jointed rock tunnels. The previous chapters analysed the effect of rockbolt and 

shotcrete independently under earthquake loads. This chapter tries to identify the forces 

acting on rockbolt and shotcrete as a combined system. Nepal Earthquake (2015, 

Mw=8.1) and Uttarkashi earthquake (1991, Mw=6.8), as discussed in chapter 6, are used 

in the analysis.in 

 

8.2 NUMERICAL MODELLING OF THE TUNNEL 

A UDEC model is developed to understand the effect of the earthquake on the combined 

support system of shotcrete and rockbolt (Figure 8.1). The headrace tunnel as discussed 

in chapter 6 (sections 6.4 and 6.6) is used in the current study. The rockbolts and 

shotcrete used in chapter 6 and 7 respectively is applied together to form a combined 

support system. The properties of the rock mass, rockbolt and shotcrete are as provided 

in Table 6.1, 6.2 and 7.1 respectively.   
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Figure 8.1: Numerical model for the Tehri dam tunnel 

 

The tunnel is supported by a shotcrete liner of 10 cm thickness and rockbolts of 3 m 

length. The shotcrete is uniformly sprayed around the tunnel. The shotcrete liner is 

discretized into 60 nodes over which the mass of the liner is distributed. Rockbolts of 3 

m length are placed around the tunnel at every 22.5˚ with a spacing of 3.3 m. Each 

rockbolt contains five nodes over which the mass of the rockbolt is concentrated. The 

reinforcing material follows the elastoplastic model, where the material yields. The 

rockbolt and the blocks are bonded by shear and normal springs as in Eq. 6.1 and 6.2. 

The properties of the rockbolt and shotcrete are as given in Table 6.2 and 7.1.  The 

Nepal earthquake (2015, Mw=8.1) and Uttarkashi earthquake (1991, Mw=6.8) histories 

are converted to velocity histories using the Seismosignal software. The velocity 

histories (Figure 6.6 and 6.10) are applied as shear input at the base of the model. Figure 

8.1 shows the numerical model. The rockbolt positions mentioned in the chapter are 

similar to the orientation shown in Figure 6.14   
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8.3 PERFORMANCE OF ROCKBOLT UNDER EARTHQUAKE 

The performance of rockbolts under static and dynamic conditions is studied in chapter 

7. The earlier results considered rockbolt as the only support system. However, in the 

field, a shotcrete layer accompanies the rockbolt. As part of the load is shared by the 

shotcrete there is a change in the forces acting on each rockbolt. The section tries to 

understand the variation in normal force, shear force and bending moment acting on the 

rockbolts in a combined system. 

Figure 8.2 to 8.4 shows the normal force, shear force and bending moment acting on 

each rockbolt under static conditions and the action of Nepal earthquake (2015, 

Mw=8.1) and Uttarkashi earthquake (1991, Mw=6.8). In Figures 8.2 to 8.4, RB suffix 

stands for rockbolt being the only support system while RBS is for conditions with 

rockbolt and shotcrete combined to act as a support system. Legends Utksi EQ and Npl 

EQ stand for Uttarkashi (1991, Mw=6.8) and Nepal (2015, Mw=8.1) earthquakes, 

respectively in Figures 8.2 to 8.4. 

 

 
Figure 8.2: Normal force acting on rockbolt with and without shotcrete as support 
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Figure 8.3:  Shear force acting on rockbolt with and without shotcrete as support 

 

 

Figure 8.4:  Bending moment acting on rockbolt with and without shotcrete as support 

 

Figure 8.2 shows the normal forces acting on the rockbolts under static and 

earthquake loading. The normal force acting on the bolts passing through joints 

decreases under the static condition when the tunnel is given additional support by 

shotcreting. The decrease is predominant for the rockbolts in the bottom half of the 

tunnel, while the change in the normal forces at the crown and upper half are negligible. 
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An increase in normal force under static conditions occur for rockbolt 9 placed at 

202.5˚, which is passing through a joint (Figure 8.2). Under earthquake conditions with 

rockbolt as the only support, the normal force acting on bolts passing through joints are 

lower at the bottom and sidewalls of the tunnel compared to the normal force on the 

upper half of the tunnel. However, the rockbolts at the sidewalls of the tunnel has an 

increase in the force exerted on the bolt with the addition of shotcrete layer. For the left 

sidewall, rockbolt 8 shows a higher increase in normal force on the addition of shotcrete 

support. This could be due to the additional force exerted on the tunnel walls by the 

shotcrete which gets transmitted to the rockbolt. The increase can also be found to 

depend highly on the earthquake magnitude and hence more severe for Nepal 

earthquake (2015, Mw=8.1). When shotcrete support is added together with Rockbolts, 

there is no change in the shear force acting on the rockbolts under static conditions 

(Figure 8.3). This is because shear forces act on the bolt when a relative displacement 

occurs along the blocks. However, during earthquake conditions, there is a decrease in 

the shear force acting on the rockbolts compared to rockbolt without shotcrete. This 

decrease could be due to the increased support to the rock blocks and relative lower 

displacements under the dynamic loading. However, an increased shear force acts on 

the sidewalls during an earthquake when a combination of shotcrete and rockbolt is 

placed. These bolts on the sidewalls are through intact blocks and are previously devoid 

from any shear force. This denotes that the reduction in shear force on bolts though 

joints are transferred to the shotcrete. Moreover, the redistribution of forces through 

shotcrete increased the force acting on the rockbolt in the sidewalls.  

Figure 8.4 shows the bending moment acting on the rockbolts during static and 

earthquake loading. The bending moment variation is similar to that of the shear force. 

The bending moment acting on the bolts under static condition for a combination of 

rockbolt and shotcrete is mostly similar to the bending moment with rockbolts alone. 

However, under the action of earthquake load, a decrease in bending moment is found 

on bolts passing through joints, i.e. rockbolt number 3, 9, 13, 14 and 15 (Figure 8.4). 

This is possibly due to the bending moment shared by the additional supporting 

member, shotcrete. But an increase in bending moment is observed on rockbolts 1, 8 

and 16 which are positioned on the tunnel sidewalls (Figure 8.4). This is due to the 

redistribution of bending moment on shotcrete transferred from rockbolts 3, 9, 13, 14 

and 15. 
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8.4 PERFORMANCE OF SHOTCRETE UNDER EARTHQUAKE  

Chapter 7 considered the performance of shotcrete as a single support system and 

analysed the forces acting along the shotcrete. However, when a combination of 

rockbolt and shotcrete system is placed, a change in the shotcrete behaviour is observed. 

Figure 8.5 shows the difference in shotcrete deformation behaviour when acting alone 

and along with rockbolt.  

 

     

Figure 8.5: Tunnel deformation for static condition for shotcrete and a combination of 

shotcrete and rockbolt 

 

Figure 8.5 shows that under static conditions, the shotcrete is stable with no 

deformation, while applied alone and as a combination with rockbolt support. The 

shotcrete, as well as rockbolt, show good compliance when applied as a support system. 

Figure 8.6 shows the performance of the support systems under the action of Uttarkashi 

earthquake (1991, Mw=6.8). This condition also points out that the support systems are 

safe against excessive deformation under Uttarkashi earthquake (1991, Mw=6.8). 
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Figure 8.6: Tunnel deformation under Uttarkashi earthquake (1991, Mw=6.8) for 

shotcrete and a combination of shotcrete and rockbolt 

 

Figure 8.7 shows the deformation of tunnel support under the action of Nepal 

earthquake (2015, Mw=8.1) for shotcrete as a single support system and shotcrete and 

rockbolt as a combined support system. Both the support systems under the action of 

Nepal earthquake (2015, Mw=8.1) show shotcrete spalling unlike Uttarkashi earthquake 

(1991, Mw=6.8). The positions in the shotcrete where spalling occurred in rockbolt 

shotcrete combination are similar to that of shotcrete alone and are in-line with the 

points of interaction with rock joint and shotcrete. This shows that even in well 

supported jointed rock tunnels with rockbolt-shotcrete combination, the relative 

movement along joints might cause spalling of shotcrete. 
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Figure 8.7: Tunnel deformation under Nepal earthquake (2015, Mw=8.1) for shotcrete 

and a combination of shotcrete and rockbolt 

 

8.4.1 Normal Force acting on Shotcrete 

Figure 8.8 shows the change in normal force acting on the shotcrete under static load 

when shotcrete is the only support and when used as a combination of shotcrete and 

rockbolt. The maximum normal force acting on the shotcrete decreases with rockbolt 

giving additional support and the position of the maximum normal force changes 

aswell. The normal force distribution pattern also shows a difference. The earlier point 

of maximum normal force is at the rockbolt position 9. From Figure 8.2, it can be seen 

that the force taken by rockbolt 9 has not changed under the combined effect of 

shotcrete and rockbolt. This leads to a decrease in the normal force coming on shotcrete 

at a position between 180˚ and 202˚. But the new maximum normal force acts at a 

position between rockbolt 13 and 14. Figure 8.2 shows a decrease in the normal force 

acting on rockbolts 13, 14 and 15 in the vicinity. This might be transferred as additional 

loads on shotcrete at tunnel position between 290˚ and 330˚.  
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(a)                                                     (b) 

Figure 8.8: Normal force acting on shotcrete lining under static condition (a) only 

shotcrete as support (b) shotcrete and rockbolt as support 

 

 

  
(a)                                                     (b) 

Figure 8.9: Normal force acting on shotcrete lining during Uttarkashi earthquake 

(1991, Mw=6.8) (a) only shotcrete as support (b) shotcrete and rockbolt as support 

 

The normal forces acting on the shotcrete under the action of Uttarkashi earthquake 

(1991, Mw=6.8)  is shown in Figure 8.9. When shotcrete is the only supporting member, 

the sidewalls are found to experience maximum normal force. However, this changes 

to the tunnel shoulders when rockbolt is also used as a supporting member. In Figure 

8.2, the forces acting on rockbolt shows an increase in the normal force acting on 
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rockbolts on the tunnel sidewalls (rockbolt numbers 1, 8, 16). This shows that the 

sidewall forces are shared, which leads to a reduction of normal force on sidewalls. 

Thus, the maximum normal force value decreases from 3640 kN to 2078 kN when an 

additional rockbolt support system is provided.  

 

  
(a)                                                     (b) 

Figure 8.10: Normal force acting on shotcrete lining during Nepal earthquake (2015, 

Mw=8.1),  (a) only shotcrete as support (b) shotcrete and rockbolt as support 

 

Figure 8.10 shows the shotcrete deformations for Nepal earthquake (2015, Mw=8.1) 

when it is the only support system and when a combination of rockbolt and shotcrete is 

used as support system. The liner deformations show that spalling of shotcrete happens 

on both support cases at points of maximum force on the action of Nepal earthquake 

(2015, Mw=8.1). Thus, the relocation of normal force happens primarily on the tunnel 

haunch. It can be seen that for Nepal earthquake (2015, Mw=8.1) a comparatively 

uniform redistribution of normal force occurs along the shotcrete.  

 

8.4.2 Shear force acting on Shotcrete 

Figure 8.11 shows the change in shear force on shotcrete under static conditions. A 

redistribution of shear force can be observed even under static conditions. The position 

of maximum shear force acting on the invert of the tunnel shifts to sidewalls of the 

tunnel. The positions 0˚ to 45˚ corresponding to rockbolt number 1, 8 and 9 are found 
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to have increased shear force. However, according to Figure 8.4, there is no noticeable 

change in the shear force acting on rockbolt 1, 8 and 9 under static condition. But an 

increase in shear force occurs on these bolts under earthquake loading. The value of 

maximum shear force also changes and increases to 91.4 kN compared to 55.65 kN 

when only shotcrete is the supporting member.  

 

  

(a)                                                     (b) 

Figure 8.11: Shear force acting on shotcrete lining under static condition (a) only 

shotcrete as support (b) shotcrete and rockbolt as support 

 

  
(a)                                                     (b) 

Figure 8.12: Shear force acting on shotcrete lining during Uttarkashi earthquake 

(1991, Mw=6.8) (a) only shotcrete as support (b) shotcrete and rockbolt as support 



200 
 

Figure 8.12 shows the shear force variation on the shotcrete under the action of 

Uttarkashi earthquake (1991, Mw=6.8). Under the action of Uttarkashi earthquake 

(1991, Mw=6.8), a higher concentration of force acts on the points where shotcrete and 

rock joints intersect when shotcrete is the only support mechanism. However, when 

rockbolt and shotcrete is used as a support system, this increase of shear forces in zones 

of shotcrete and rock joint intersection is not visible for all joints. The increase in shear 

force is more concentrated on the sidewalls. The lowered effect of joints might be due 

to the presence of rockbolts, which reduces the interjoint slippage between the blocks. 

 

  

(a)                                                     (b) 

Figure 8.13: Shear force acting on shotcrete lining during Nepal earthquake (2015, 

Mw=8.1) (a) only shotcrete as support (b) shotcrete and rockbolt as support 

 

Figure 8.13 shows the shear force variation on the shotcrete lining under the action 

of Nepal earthquake. Compared to the static condition and Uttarkashi earthquake (1991, 

Mw=6.8) conditions, the Nepal earthquake (2015, Mw=8.1) has a pronounced effect on 

the shotcrete. This is true with and without rockbolt as additional support. Under the 

combination of rockbolt and shotcrete support, the action of shear force on the rock 

joint and shotcrete intersection has increased. The shear force acting on rockbolts 

passing through joints in Figure 8.14 shows a decrease under the action of Nepal 

earthquake (2015, Mw=8.1) when rockbolt and shotcrete is used. This might be due to 

the transfer of load to shotcrete, which is reflected as an increase in the forces along the 

rock joint and shotcrete interaction. 
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8.4.3 Bending Moment acting on Shotcrete 

Figure 8.14 shows the variation of bending moment acting on the shotcrete under static 

load. The maximum bending moment occurs on the tunnel position positions 0˚ to 45˚ 

corresponding to rockbolt number 1, 8 and 9. The bending moment also increases from 

11.78 kNm to 20 kNm.  

 

   
(a)                                                     (b) 

Figure 8.14: Bending moment acting on shotcrete lining under static condition (a) 

only shotcrete as support (b) shotcrete and rockbolt as support 

 

Figure 8.15 shows the bending moment acting on shotcrete at different points on the 

action of Uttarkashi earthquake (1991, Mw=6.8). When shotcrete is the only support 

system, the maximum bending moment and the bending moment concentration occurs 

on the tunnel invert as in the case of static condition. For the combined support of 

shotcrete and rockbolt, the bending moment variation pattern is similar to static 

condition, although the maximum bending moment increases from -13.84 kNm to 23.67 

kNm. 
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(a)                                                     (b) 

Figure 8.15: Bending moment acting on shotcrete lining during Uttarkashi earthquake 

(1991, Mw=6.8) (a) only shotcrete as support (b) shotcrete and rockbolt as support 

 

 

   
(a)                                                     (b) 

Figure 8.16: Bending moment acting on shotcrete lining during Nepal earthquake 

(2015, Mw=8.1) (a) only shotcrete as support (b) shotcrete and rockbolt as support 

 

Figure 8.16 shows the variation of bending moment under the action of Nepal 

earthquake (2015, Mw=8.1). The rock joint and shotcrete interaction induce a bending 

moment concentration in both cases when shotcrete alone as well shotcrete rockbolt 

combination. Though the magnitude of the variation is different, both have some 

concentration of bending moment on the sidewalls. This corresponds to an increased 

bending moment on the corresponding rockbolts as well. This could be due to the 
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transfer of load from rockbolts passing through joints to the shotcrete, which creates an 

additional bending moment. 

 

8.5 SUMMARY 

The chapter was presented with studies to understand the performance of jointed rock 

tunnels supported by rockbolt and shotcrete. The Tehri dam head race tunnel, as 

discussed in chapter 6 is considered for analysis with rockbolt and shotcrete as a support 

system. The action of Uttarkashi earthquake (1991, Mw=6.8) and Nepal earthquake 

(2015, Mw=8.1) are used to understand its effect on rockbolt and shotcrete. The 

performance and load acting on rockbolt and shotcrete as a combination are compared 

when rockbolt and shotcrete when applied independently. The comparison of normal 

force acting on the rockbolt showed an increase in the sidewalls under the action of the 

earthquakes. The shear forces and bending moment for rockbolts passing through joints 

showed a decrease in force under the action of earthquake loads, though no effect is 

found under static conditions. The shotcrete support is found to be stable with no 

spalling under the static condition as well as Uttarkashi earthquake (1991, Mw=6.8). 

However, under the action of Nepal earthquake (2015, Mw=8.1), spalling of shotcrete 

occurred at points of intersection between shotcrete and rock joints. The areas of 

spalling are same for shotcrete with or without rockbolt support. The reduction of forces 

on rockbolts could be well reflected as an increase in force in shotcrete. The combined 

system facilitates a transfer of load from the shotcrete to the bolts passing through 

joints. Thus a recommendation of combined system for seismically active region will 

always be preferable. 
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CHAPTER 9 

 

SUMMARY AND CONCLUSIONS 

 

9.1 INTRODUCTION 

The present study aims to understand the effect of stress waves originating from 

dynamic loads on rocks and rock joints. The effect of the stress waves on the rock also 

depends on the scale of the rock mass considered for analysis. For intact rocks, and 

rockmass with single or multiple joints, the wave propagation pattern is of primary 

importance. However, on a larger scale, when the study considers a structure 

constructed in the rockmass, the effect of the stress wave on the structure and its 

constituents become crucial. The present study considers the stress wave behaviour in 

rockmass while passing through single and multiple joints, on tunnels and tunnel 

supports. This chapter provides a summary of the study as presented in other chapters 

and the conclusions arrived from the study.  

 

9.2 SUMMARY 

The study intends to understand the effect of dynamic load on jointed rockmass and 

structures associated with it. The thesis is divided into nine chapters, and each chapter 

tries to give insights and contribute to different areas. The detailed literature review 

provides an in depth understanding of the existing knowledge and the research done in 

the area of rock dynamics.   

The literature and findings on the wave propagation through rock joints are 

understood from the analytical, experimental and numerical perspectives. Most of the 

studies concentrated on the effect joint properties have on transmission and reflection 

coefficients. The studies showed that the dependence of wave amplitude and wave 

velocity on various factors like frequency of the wave, joint angle, joint infilling, joint 

roughness and number of joints. Many of the studies concentrated on blasting and 

rockburst conditions of a deep mine. The behaviour of tunnels under the action of 

earthquakes were also considered by many researchers with the help of suitable case 
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studies. Though the tunnels are considered to be safe under the action of earthquakes, 

several literatures and case studies pointed out failures of tunnels under the action of 

different earthquakes. Some experimental studies and numerical modelling were done 

to understand the behaviour of tunnels under the action of dynamic load. The studies 

on the presence of joints showed an increased risk of failure in dynamic conditions due 

to joint slippage. 

Reinforcements are used to support the tunnels in the field.  Since rockbolt, shotcrete 

and concrete liners are the commonly used support systems, the same has been reviewed 

in the literature survey. The studies on rockbolt as a support system is mostly for 

dynamic loading and rockburst conditions. The failure and breakage of tunnels leads to 

deformation and breakage of these rockbolts. The effect of rockbolts under earthquake 

loading is given very little importance.. Many studies show the presence of cracks, 

spalling or breakage of these under dynamic loading. Even if the tunnels do not undergo 

complete failure, the tunnel support systems were found to undergo small and big 

damages.  

An experimental study was conducted using ultrasonic pulse velocity test to 

understand the variation in longitudinal wave velocity with different joint conditions. 

The tests were conducted on laboratory prepared gypsum samples. Specimens of joint 

angle 0˚, 10˚, 30˚, 55˚ and 60˚ are tested. The joint angles are equal to the angle of 

incidence of the wave. The wave velocity was observed to decrease as the joint angle 

changes from 0˚ to 10˚. As the joint angle is changed from 10˚ to 55˚, negligible change 

in wave velocity was observed. However, the wave velocity suddenly increases as the 

joint angle is 60˚due to the change in phase. To understand the effect of joint roughness 

on wave velocity, stirrups of different roughness is introduced as per joint roughness 

coefficients (JRC). The wave velocity was found to decrease with the increase in joint 

roughness. The number of joints also found to have significant effects on the velocity 

of a wave transmitted through a joint. The joint numbers were increased to understand 

the variation with the increase in the number of joints. The wave velocity was found to 

decrease with increasing joints. 

The experimental study posed many limitations with respect to sample sizes and the 

frequencies that could be studied. So a numerical approach which could successfully 

model the joints and consider the joint properties is adopted. The numerical tool UDEC 

working on distinct element method is used to analyse the wave propagation by 
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adopting model tests similar to the experimental study. The material was modelled as 

elastic while the joints are assigned to follow the Coulomb slip condition. The end 

boundaries were modelled as quiet while the sides were roller supports with respect to 

wave propagation direction. The model is validated with the experimental results and 

also compared with the theoretical solution. The study extended the joint angle variation 

from 0˚ to 70˚ for a frequency range of 1 Hz to 500 kHz. The effect of block size was 

also analysed by varying it from 20 cm experimental size to 600 m long field size 

blocks. The effect of joint position is also analysed by changing the position of joint 

from 0.2 m to 0.8 m in a 2 m block and from 2 m to 9 m in a 10 m long block. The 

effect of number of joints and joint spacing is also studied. Relationships for prediction 

of longitudinal wave velocity in jointed rockmass with respect to intact rock are 

proposed. 

 The study is then extended to analyse the performance of unsupported jointed rock 

tunnels. Numerical studies are conducted on a laboratory scale with reference to the 

studies by CNWRA case study of Lucky Friday mine. The tunnel is subjected to scaled 

input motion of the 1985 Mexican earthquake and systematically validated. Further, the 

developed numerical model was extended to carry out parametric studies to understand 

the effect of various joint parameters on the deformation and stability of the tunnel 

under the earthquake input motion.  

The jointed rock tunnels are rarely left unsupported. And the performance of the 

tunnel support system provides an insight into the working capability of tunnels under 

seismic conditions. The current study analyses the performance of rockbolt and 

shotcrete individually and also as a combined support system under the action of 

earthquake loading. The headrace tunnel of Tehri dam passing through a jointed 

rockmass was adopted for the study. The site was found suitable due to its critical 

positioning in seismic zone V. Uttarkashi earthquake (1991, Mw=6.8) and Nepal 

earthquake (2015, Mw=8.1) were provided as earthquake input.  A parametric study is 

done to understand the performance of rockbolt, shotcrete and rockbolts with shotcrete. 
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9.3 CONCLUSIONS 

The following conclusions were drawn from the current study: 

 

9.3.1 Wave Propagation through Single and Multiple Joints 

 A distinct variation in wave velocity is observed for different frequency ranges. 

 Different joint parameters like joint angle, spacing or joint frequency, block 

length and corresponding roughness play significant roles and affect the wave 

characteristics in the rock mass. 

 An increase in longitudinal wave velocity occurs at high angle of incidence. 

This is observed for input waves of very high and low frequency ranges but not 

for the intermediate frequency ranges. 

 As the joint roughness coefficient increases, a non-linear decrease in 

longitudinal wave velocity occurs. This variation in longitudinal wave velocity 

with JRC is found to be relatively small when studied for the high frequency, 

which might be due to its higher energy content. 

 Block length (length of the rockmass) affects the longitudinal wave velocity at 

low frequencies and very minor effect at higher frequencies. This influence is 

found to be dependent on the ratio of the wavelength to block length (λ/LB). A 

sudden shift in the velocity can be observed when this ratio becomes 1. When 

λ/2 is more than the distance to the joint, a steep reduction of wave velocity can 

be observed. 

 The change in longitudinal wave velocity is significant at ultrasonic range with 

an increase in the number of joints. A critical spacing to block length ratio exists 

for each frequency, at which the velocity is observed to be minimum. Also, a 

threshold value of spacing to block length occurs after which change in spacing 

to block length ratio causes no or little difference in the longitudinal wave 

velocity. 

 Empirical equations to predict the value of longitudinal wave velocity with 

reference to functions of various joint parameters and intact rock velocity are 

proposed. The proposed equations are applicable to block with joints but it is 

not suitable for intact blocks or outside the ranges of joint or wave 

characteristics used. 
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9.3.2 Jointed Rock Tunnels under Seismic Load 

 Displacements of joints are found to be cumulative under dynamic loads and 

the tunnel may fail after a series of repetitive loading.  A threshold amplitude of 

dynamic load is observed specific to jointed rock tunnel, above which the tunnel 

deformations are more pronounced. 

 Increase in tunnel deformations under seismic loading shows that tunnels in 

jointed rocks are highly susceptible to earthquake loads.  A strain of at least 2- 

3% and as high as 15% is found to occur. 

 Deformations around the tunnel increase with increasing lateral stress 

coefficients. For the same lateral stress coefficient, lower horizontal stress 

produces higher deformations. This implies that a tunnel at shallow depth is at 

higher risk of failure than the deep tunnels. 

 The joints that are stable under static conditions are found to fail under seismic 

loading, specifically for some specific joint angle configurations. The rock 

blocks formed due to joint set are found to undergo loosening or separation if 

the wedge angle formed between the joints are found to be greater than the angle 

of joint friction. 

 Under the dynamic loads, with an increase in joint normal stiffness, the tunnel 

deformations are found to decrease exponentially, unlike the static case where 

a linear decrease is seen. With the decrease in joint friction angle, the joint slip 

is found to increase linearly. This increase is more profound under seismic 

conditions compared to static conditions. The difference between static and 

dynamic case reduces for higher friction angle. 

 Tunnel deformation values observed under seismic loads in the range of 1-5% 

strain with reference to the tunnel diameter can be considered significant for the 

field cases. 

 The opening and closing of joints under dynamic loads may lead to possible 

slippage and strength losses degradation of the rock mass and eventual tunnel 

failure. 
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9.3.3 Performance of Rockbolts under Seismic Load 

 The maximum force acting on each rockbolt is different. Normal force acts on 

all rockbolts under both static and seismic conditions with the maximum acts 

on bolts passing through joints. 

 Shear force and bending moment act only on rockbolts passing through joints. 

The magnitude of shear force and bending moment increases under the action 

of earthquake load, and the effect is predominant in the bolts along the tunnel 

shoulders. 

 The rockbolts undergo higher deformations under the action of dynamic load 

compared to a static load. The displacement patterns for Uttarkashi (1991, 

Mw=6.8) and Nepal (2015, Mw=8.1) earthquakes showed different trends. The 

peak values of forces, bending moment and displacement corresponds typically 

to the peak of the corresponding earthquake loads. 

 Rockbolts were found to have an increase in the forces as the diameter increases. 

This increase is most predominant in the upper half of the tunnel compared to 

the lower half.  

 An increase in embedment length led to a decrease in shear force and bending 

moment acting on the rockbolt. When a rockbolt initially in intact block 

coincides with a joint, an increase in shear force and bending moment occurs 

which later decrease with the increase in embedment length. 

 The increase in joint friction leads to a decrease in relative displacement 

between the joints. This leads to a decrease in shear force and bending moment 

as the joint friction increases. Normal force acting on the rockbolts remain 

comparatively unaffected by the change in joint friction. 

 Wave frequency affects different parts of the tunnel differently. Increase in the 

duration of loading leads to an increase in the forces acting on the rockbolt. 

However, these changes are comparatively small since the duration makes a 

negligible influence on the rockbolt when lower than the threshold value. 

 The forces acting on each rockbolt was found to increase with an increase in 

amplitude. However, this increase was found to be different for the upper and 

lower half of the tunnels. The forces acting on the upper half of the tunnels were 

found to have a higher magnitude. 
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9.3.4 Performance of Shotcrete under Seismic Load 

 The shotcrete is usually a relatively stable support system with no deformation 

under static conditions and earthquakes of lower magnitude. But under dynamic 

loads, substantial damage/spalling of shotcrete can occur especially with higher 

magnitude and duration. 

 Spalling commonly occurs near points of intersection between shotcrete and 

joint. The concentration of shear force and bending moment occurs at locations 

of intersection between rock joint and shotcrete. 

 The positions of normal force concentrations change from tunnel sidewall to 

tunnel haunch due to possible spalling. The positions of the stress concentration 

and spalling varied for each frequency. Wave frequency and amplitude are 

found to be vital factors affecting shotcrete support.  

 The pattern and zones of spalling and cracking as observed in the numerical 

study compare well with the available literature for tunnel failure under actusl 

earthquake loading.  

 

9.3.5 Performance of Rockbolt and Shotcrete combination under Seismic Load 

 A reduction of forces occur on rockbolts passing through joints under combined 

support system along with a corresponding increase in the forces on shotcrete. 

This shows the transfer of load from rockbolt to shotcrete under seismic 

conditions. 

 An increase in the concentration of stress was observed on the rockbolts at the 

sidewalls under the action of seismic load for a combined system. This is 

assumed to be due to the redistribution and transfer of load from the rockbolts 

on the shoulder to the sidewalls via shotcrete support system. 

 Spalling of shotcrete occurs under high earthquake even in a combined support 

system. The points of shotcrete spalling are similar to independent shotcrete of 

shotcrete supports. 
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9.4 SCOPE OF FUTURE WORK 

The current study area being comparatively new, many extensions for the future 

studies are also proposed. The following are some of the areas which will provide better 

insight into the subject, 

 The experimental study on wave propagation needs to be extended for large 

strain problems. 

 The study on wave propagation through joints were analysed only with 

longitudinal waves and a better understanding of the same with S wave needs 

to be done. 

 Develop a design criteria and provide standards on allowable tunnel 

deformations under dynamic loads. 
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