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ABSTRACT 
 
This thesis concerns wave propagation in rock as a tool for determination of rock 
properties and as a consequence of activities, such as trains.  
 
Using waves as a tool often means that rock properties are determined or the interior of a 
sample is studied without being damaged. Another use of waves is to measure the 
velocities in rock samples shaped as cubes, spheres or cores with plane and parallel end 
surfaces in order to determine if the rock is anisotropic; an important property to for 
example for the evaluation of stress measurements. The preparation of such samples are 
rather time consuming and costly, especially if many measurements have to be carried 
out. To overcome this obstacle diametrical measurements on drilled rock cores have been 
evaluated as a possible method to detect anisotropy. Measurements have been performed 
on metal cores, isotropic and anisotropic rock cores as well as rock cores containing 
microcracks. The results show that the technique is able to detect anisotropy caused by 
both geological composition and microcracks having a preferred orientation. However, in 
order to be detected the anisotropy must be parallel or sub-parallel to the core axis. 
Furthermore, diametrical measurements on cores retrieved from the rock mass beneath a 
drift showed that the anisotropy decreased while the P-wave velocity increased with 
increasing distance from the drift floor. Microcracks with a preferred orientation were 
developed either during excavation or by the increased stresses around the drift. 
 
Waves as a consequence of activities are generally considered as something negative, for 
example, vibrations radiating from underground railways. In densely populated areas 
these vibrations reach nearby buildings and the residents as ground-borne noise and/or 
vibrations. Reliable predictions to ensure that residents will not be annoyed are a 
necessity when planning a new railway or constructing new buildings along an existing 
route. Numerical analysis is a natural part of the prediction models for train-induced 
vibrations. In general these analyses treat the ground as homogeneous and isotropic. To 
determine if such an assumption is valid wave propagation through discontinuous rock 
masses have been studied using numerical analyses. The results of the analyses show for 
example that discontinuities can significantly increase the vibrations locally on the 
ground surface above a dynamically loaded tunnel. Properties having the greatest impact 
on wave propagation are the shear and normal stiffness of the discontinuity, the number 
of discontinuities and their internal distance, angle of incidence and the frequency of the 
wave. This study shows that discontinuities under certain conditions have an impact on 
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the propagation of train-induced vibrations. Zones with a non-zero thickness show some 
other interesting phenomena, for example: they can result in channelling of waves 
resulting in higher velocity-levels at the ground surface where the zone daylights but also 
as a wave trap or filter. If the uppermost part of the rock mass has properties different 
from those of the host rock mass, generally amplifies the peak particle velocity on the 
ground surface especially in the horizontal direction.  
 



 vii

CONTENT 
 
PREFACE.......................................................................................................................... iii 
ABSTRACT........................................................................................................................ v 
CONTENT........................................................................................................................ vii 
APPENDED PAPERS....................................................................................................... ix 
1 INTRODUCTION..................................................................................................... 1 

1.1 Research challenges ......................................................................................... 2 
1.2 Thesis outline ................................................................................................... 3 

2 WAVE PROPAGATION IN ROCK......................................................................... 7 
2.1 Waves............................................................................................................... 7 
2.2 Rock mass – Static conditions ......................................................................... 8 
2.3 Waves in rock................................................................................................... 9 

2.3.1 Waves in intact rock ............................................................................. 10 
2.3.2 Waves in rock masses........................................................................... 11 

3 PART I – WAVES AS A TOOL............................................................................. 15 
4 PART II – WAVE AS A CONSEQUENCE........................................................... 25 

4.1 Train-induced vibrations ................................................................................ 25 
4.1.1 The source............................................................................................. 26 
4.1.2 Propagation path ................................................................................... 26 
4.1.3 Receiver ................................................................................................ 27 
4.1.4 Countermeasures .................................................................................. 28 

4.2 Predicting vibrations and noise levels............................................................ 29 
4.3 Modelling of the propagation path................................................................. 31 
4.4 Numerical simulation of waves in rock masses ............................................. 33 

4.4.1 Model A................................................................................................ 34 
4.4.2 Model B ................................................................................................ 36 
4.4.3 Model C ................................................................................................ 42 
4.4.4 Model D................................................................................................ 45 

5 CONCLUSIONS ..................................................................................................... 51 
Future research ........................................................................................................ 52 

REFERENCES ................................................................................................................. 55 
 



 viii

APPENDED PAPERS 
Paper A -  Detection of Anisotropy by Diametrical Measurements of Longitudinal Wave 

Velocities on Rock Cores 
Paper B -  Detection of Cracks and Anisotropy in Rock Cores Using Diametrical 

Measurements of P-wave Velocity 
Paper C -  Numerical Simulation of Train-induced Vibrations in Rock Masses 
Paper D -  Ground Vibrations above a Dynamically Loaded Tunnel 
Paper E -  Numerical Simulation of Wave Attenuation across Jointed Rock Mass. 
Paper F -  Surface Vibrations Induced by Dynamic Loads in Tunnels 
 
 



 ix

APPENDED PAPERS 
 
The following papers are included in the thesis: 
 
Paper A 
Eitzenberger, A. and Nordlund, E. (2002). Detection of Anisotropy by Diametrical 
Measurements of Longitudinal Wave Velocities on Rock Cores. In Proceedings of the 
5th North American Rock Mechanics Symposium and the 17th Tunnelling Association of 
Canada Conference: NARMS-TAC 2002, Toronto, Ontario, Canada, July 7-10, 2002. 
 
Paper B 
Eitzenberger, A. and Nordlund, E. (2002). Detection of Cracks and Anisotropy in Rock 
Cores Using Diametrical Measurements of P-wave Velocity. In Proceedings of the ISRM 
International Symposium on Rock Engineering for Mountainous Regions (EUROCK 
2002), Madeira, Portugal, November 25-27, 2002. 
 
Paper C 
Eitzenberger, A., Ping, Z. and Nordlund, E. (2011). Numerical Simulation of Train-
induced Vibrations in Rock Masses. In Proceedings of the 12th ISRM International 
Congress on Rock Mechanics, Beijing, October 18-21, 2011.  
 
Paper D 
Eitzenberger, A., Ping, Z. and Nordlund, E. (2012).Ground Vibrations above a 
Dynamically Loaded Tunnel. To be submitted for publication in an international journal 
during fall 2012. 
 
Paper E 
Eitzenberger, A., Ping, Z. and Nordlund, E. (2012). Numerical Simulation of Wave 
Attenuation across Jointed Rock Mass. To be submitted for publication in an 
international journal during fall 2012. 
 
Paper F 
Nordlund, E. and Eitzenberger, A. (2012). Surface Vibrations Induced by Dynamic Loads 
in Tunnels. To be submitted for publication in an international journal during fall 2012. 
 
 



 x

 
 



 1

1 INTRODUCTION 
 
Wave propagation through rock is an important part of subjects such as rock mechanics, 
rock engineering, geophysics and seismology. In some situations waves are used as a tool 
to provide information about properties or to break the rock, in other situations they are a 
consequence of controlled or uncontrolled natural or human-induced processes, or 
combinations of the above. Examples of areas where waves play an important role are: 
 
Determination of dynamic properties – In cross-hole seismic tests the wave velocity 

between parallel boreholes is measured and can be used to determine e.g. the 
excavation disturbed zone (EDZ) around a drift (Malmgren et al., 2007) or the 
degree of anisotropy of a rock mass (Emsley et al., 1997). Tomography is a 
method where the wave velocity is measured along a line between a source and 
receivers where the source is moved between measurements and thus creating a 
ray-tracing pattern. It can be used to determine the quality factor Q (Watanabe 
and Sassa, 1996), EDZ or if the rock is anisotropic (Emsley et al., 1997). In 
laboratory tests the wave propagation through rock samples is utilised to 
determine properties such as the Young’s modulus, Poisson’s ratio, wave 
velocity, anisotropy ratio, etc. (Brown, 1981).  

Blasting – Is used to excavate, break or remove rock. A side-effect is the creation of 
shock waves travelling through the air and vibrations propagating through the 
ground. Both might cause annoyance among nearby residents and damage to 
structures. National guidelines specify recommended levels (SS 460 48 66, 1989). 

Earthquakes – It is a sudden movement along a fault plane in the Earth's crust arising 
from the release of stored elastic strain energy. The released energy radiates as 
seismic waves and brings devastation to nearby land and cities.  

Mining-induced seismicity - A seismic event is a sudden release of energy which 
radiates as mechanical waves and occurs in mines when the rock deforms or fails. 
The mining-induced seismicity is expected to increase as mining progresses 
towards increasingly greater depths. The reinforcement will be exposed to even 
larger dynamic loads and must therefore be able to yield and absorb the load in 
order to maintain a high level of safety (Larsson, 2004). 

Traffic-induced vibration and noise - Among residential, commercial and cultural areas 
in modern cities multilevel roads, railways and subways together form a 
multidimensional traffic system producing noise and vibrations causing 
annoyance among the building occupants. National and international guidelines 
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specify recommended levels (e.g. ISO 2361-2, 1989; BFS 1993:57, 1993; SOSFS, 
2005; Banverket, 1997).  

 
These are just some examples to illustrate the diversity of applications where waves play 
an important role. Regardless of how and where waves appear, the understanding of their 
behaviour might provide valuable information to improve safety, applications or 
regulations (to name a few). For rock with its heterogeneous composition it is also 
essential to understand the effect of discontinuities on wave propagation. In this thesis the 
influence of discontinuities on wave propagation for two of the above listed areas are 
addressed, as explained in the subsequent section. 
 
 
1.1 Research challenges 
In this thesis two different aspects of wave propagation in rock are studied. The specific 
research problems addressed are as follows:  
 
Waves as a Tool - Detection of anisotropy in rock cores 
Knowledge of the response of rock material/rock mass to loading/disturbances is 
important for the choice of analysis method. For example, it is important to know if the 
rock behaves isotropically or anisotropically, to choose the right constitutive model for 
the evaluation of stress measurements. Analyses based on incorrect assumptions may lead 
to erroneous conclusions (Martin and Christiansson, 1991) which in turn might cause 
problems during the life time of a rock construction. Common methods for detection of 
anisotropy require preparation of the test samples (Brown, 1981), which is time 
consuming and expensive. For a limited number of samples this method might be viable 
but for large numbers, like during SKB’s site investigation programs (SKB, 2001), the 
preparation of the samples will be extremely time consuming. It would therefore be 
beneficial to utilise a method for anisotropy detection that requires limited sample 
preparation in order to reduce time and cost. Li (2000) used diametrical measurements to 
determine the P-wave velocity in rock cores thereby avoiding the need for sample 
preparation. Questions relevant for the studies presented in this thesis were, e.g.:  
 

(i)  Can diametrical measurements of P-wave velocity along the circumference of 
a rock core be used to detect anisotropy?  

(ii)  If so, what type of anisotropy can be detected? 
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Waves as a Consequence - Propagation of train-induced vibrations in rock 
Trains travelling in tunnels induce vibrations that propagate through the ground and 
might in residential areas reach nearby buildings. If the levels are high enough the 
residents will then perceive them as train-induced noise and/or vibrations. To ensure that 
the noise and vibration levels are acceptable regulations for noise (BFS 1993:57, 1993; 
SOSFS, 2005) and vibration (Banverket, 1997) levels have been defined. The estimation 
of noise and vibration levels in buildings along railway tunnels is usually done under the 
assumption that the ground is linear elastic and continuous (e.g. Andersen and Jones, 
2006; Gardien and Stuit, 2003). For soils such an assumption might be correct but not for 
a discontinuous rock mass. Discontinuities are known to influence the propagation of 
waves (e.g. Chen and Zhao, 1998; Boadu and Long, 1996) and it is therefore important to 
examine under which circumstances the train-induced vibrations are reduced and 
amplified. Important questions are thus:  
 

(i)  Do geological heterogeneities such as discontinuities affect low-frequency 
wave propagation in rock? 

(ii)  How do rock mass properties influence the propagation of low-frequency 
waves? 

(iii) What properties are important for wave propagation in discontinuous rock 
masses and how should the influence of discontinuities be considered in 
analysis of dynamic problems, especially train-induced vibrations? 

 
 
1.2 Thesis outline 
Following this introduction, Chapter 2 provides a brief overview of wave propagation 
through rock, in both small scale (intact rock) and large scale (rock mass). The effect of 
heterogeneities and discontinuities are discussed.  
 
The first research question; waves as a tool, is addressed in Chapter 3. The importance of 
using a relevant constitutive model is illustrated and discussed. The evaluation of rock 
stress measurements in anisotropic rock is specifically addressed and the consequences of 
ignoring the anisotropy is discussed. Furthermore, the diametrical method for P-wave 
measurement and the tests carried out to evaluate the rock anisotropy are described. 
Cores with natural and stress-induced discontinuities were tested.  
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The second research question; waves as a consequence, is addressed in Chapter 4. It starts 
with a short introduction to train-induced vibrations, its consequences for the receivers, 
i.e. humans and buildings, and countermeasures that can be used. Methods to analyse 
train-induced vibrations are also briefly reviewed. The numerical analyses carried out to 
study the impact of discontinuities on the wave propagation is described together with the 
results.  
 
In Chapter 5 the conclusions and major findings and suggestions for further research is 
presented. 
 
Finally, the scientific papers that form the basis for the content presented in the first 
chapters are appended at the end of the thesis. The author’s contribution to each of the 
appended papers is detailed below: 
 
Paper A:  Detection of anisotropy by diametrical measurements of longitudinal wave 

velocities on rock cores.  
Authors:  Andreas Eitzenberger and Erling Nordlund 

Written by Andreas Eitzenberger. Andreas conducted the tests and the 
evaluations. 

 
Paper B:  Detection of cracks and anisotropy in samples from doorstopper stress 

measurement using diametrical p-wave measurements and microscopic 
observations. 

Authors:  Andreas Eitzenberger and Erling Nordlund 
Written by Andreas Eitzenberger. Andreas conducted the tests and the 
evaluations.  

 
Paper C:  Numerical Simulation of Train-induced Vibrations in Rock Masses.  
Authors:  Andreas Eitzenberger, Ping Zhang and Erling Nordlund 

Written by Andreas Eitzenberger. Andreas did the literature survey, 
developed, analysed and evaluated the numerical models. 

 
Paper D:  Ground vibrations above a dynamically loaded tunnel.  
Authors:  Andreas Eitzenberger, Ping Zhang and Erling Nordlund 

Written by Andreas Eitzenberger. Andreas did the literature survey, 
developed, analysed and evaluated the numerical models. 
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Paper E:  Numerical simulation of wave attenuation across jointed rock mass.  
Authors:  Andreas Eitzenberger, Ping Zhang and Erling Nordlund 

Written by Andreas Eitzenberger. Andreas did the literature survey, 
developed, analysed and evaluated the numerical models. 

 
Paper E:  Surface vibrations induced by dynamic loads in tunnels.  
Authors:  Erling Nordlund and Andreas Eitzenberger 

Andreas Eitzenberger did the literature survey, developed, analysed and 
evaluated the numerical models. Andreas participated in the development of 
the paper. 
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2 WAVE PROPAGATION IN ROCK 
 
Although the two problems being addressed are different they both share problems 
associated with the propagation of waves in rock (although the scale difference is 
significant). In the subsequent sections both areas will be described. 
 
2.1 Waves 
Elastic waves are generated by particles moving from their state of equilibrium affecting 
neighbouring particles causing a displacement to propagate through the body transporting 
energy but not material. In an elastic, isotropic and homogeneous medium P-waves 
having a particle movement parallel to its propagation direction and S-waves having a 
particle movement perpendicular to its propagation direction are generated (Kolsky, 
1963). Their propagation depends on the bulk and shear modulus (Young’s modulus and 
Poisson’s ratio) and the density of the medium. P-waves propagate about 1.7 to 2.0 times 
faster than S-waves for Poisson’s ratios in the range of 0.25 and 0.33, respectively. The 
displacement of S-waves can have any direction in a plane normal to the direction of 
propagation and is therefore normally divided into a vertically polarised component (SV) 
and a horizontally polarised component (SH). S-waves cannot propagate in air or water 
since such materials cannot sustain shear forces.  
 
Body waves (i.e. P- and S-waves) are the only wave types present within a continuous 
unbounded medium. In a medium with a free surface Rayleigh waves which consist of 
both longitudinal and lateral particle displacement (i.e. P- and S-waves) may appear. 
They have a lower propagation velocity than body waves (about 0.862cs to 0.955cs for 
Poisson’s ratio ranging from 0 to 0.5). The amplitude of Rayleigh waves has its 
maximum at a depth of about 0.2 to 0.6 wavelengths from the surface and are nearly zero 
at 1.3 wavelengths which means that they do not propagate into the solid. 
 
Additional surface wave types are: (i) Love waves which appear within a thin layer 
having a density and elasticity that differs from the main medium and (ii) Stoneley waves 
which appear along the interface between two materials with nearly identical mechanical 
properties. These two wave types will not be considered in this thesis. 
 
The amplitudes of waves propagating in a linear elastic, isotropic and homogeneous 
material (i.e. disregarding heterogeneities) are affected by geometrical and material 
attenuation. Geometrical attenuation is the amplitude decay of waves radiating from a 
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source with limited dimensions as they are spread over an ever increasing area. The 
amplitude decay depends on the geometry of the wave front and consequently the source 
of the wave (Gutowski and Dym, 1976). Material properties and frequency have no 
influence on the geometrical attenuation. Material attenuation (or dissipation) is the 
absorption of energy by non-conservative processes induced by the small deformations 
created by the propagating elastic waves (Barkan, 1962, Jaeger el al., 2007). Material 
attenuation depends on material composition, scale and frequency of the propagating 
waves. Geometrical spreading is determined using analytical methods (e.g. Gutowski and 
Dym, 1976) while material attenuation is determined from analytical and empirical work. 
 
2.2 Rock mass – Static conditions 
Rocks are by nature heterogeneous in different scales as rocks are aggregates often 
composed of several minerals and rock masses often comprise more than one rock type. 
If the constituent minerals have different stiffness, or if the constituent rock types in the 
rock mass have different stiffness, the stress state and the deformability will be affected. 
A rock mass may also contain discontinuities ranging in size from a few μm 
(microcracks) to tens of kilometres (faults). Regardless of its size a discontinuity consists 
of two surfaces that are in contact at some locations and separated at other. Their 
presence makes the rock mass discontinuous, heterogeneous and in some situations 
anisotropic thereby reducing the strength (according to the “rule of the weakest link”) and 
the stiffness of the rock/rock mass.  
 
In general, a rock mass can be treated as a continuous material if (i) it consists of intact 
rock without discontinuities, or (ii) the size of individual rock blocks/pieces is small in 
relation to the size of the considered construction, and if the major orientations of 
discontinuities are evenly distributed forming a blocky texture and resulting in an 
isotropic behaviour (Figure 2.1). 

 
Figure 2.1. Example of continuous and discontinuous behaviour of rock masses (from 

Edelbro et al., 2006). 

Decreased 
joint spacing Intact 

Closely jointed 
rock

Continuous Continuous Discontinuous
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Discontinuities also make the behaviour of a rock mass scale dependent. Figure 2.2 
shows three rock constructions with different size compared to the average spacing of the 
discontinuities. In the case of a drill-hole were the diameter is much smaller than the joint 
distance, the material in the analysis can be assumed to have the mechanical properties of 
the rock type (i.e. intact rock). The height and width of the cavern are relatively large 
compared to the distance between the discontinuities (i.e. the rock can be considered as 
continuous). In many cases, however, the dimension of the opening is not much greater 
than the block size and therefore the rock mass will not behave like a continuous material 
(which is weaker and less stiff than the intact rock), but as a blocky material, where 
individual blocks may control the stability and deformation pattern of the opening. 

 
Figure 2.2. The effects of scale that can give rise to differences in behaviour. 
 
 
2.3 Waves in rock 
The effect of the rock mass composition on wave propagation is as discussed above 
dependent on scale. Since the two problems addressed in this thesis concern different 
scales understanding of the effect of the rock properties on the propagation of waves at 
these scales is required. For small scale samples the rock is normally considered as intact. 
At this scale it is the heterogeneity due to the mineral composition along with 
microcracks and pores that are of importance. For common rock constructions, like 

Borehole 
Tunnel 

Large cavern 
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tunnels (i.e. large scale), it is the individual discontinuities together with boundaries 
between geologically (or geomechnically) different regions (i.e. different rock types) that 
have the main impact. Due to the different behaviours, wave propagation in both intact 
rock and in rock masses is briefly reviewed in the subsequent sections. 
 
2.3.1 Waves in intact rock 
The wave propagation in intact rock (i.e. small sample) depends on material properties 
such as the mineral content, the size and shape of the mineral grains as well as the 
presence of pores and microcracks. These properties influence the Young’s modulus and 
density of the rock thereby affecting the propagation of P- and S-waves. External factors 
such as prevailing stresses and degree of saturation also affect the wave propagation in 
intact rock. The following physical properties are said to have an impact on the 
propagation of elastic waves in intact rock (Lama and Vutakuri, 1978): 
 

Rock type – The wave velocity is normally higher in dense and compact rocks than in 
less dense and less compact rocks. Large velocity variations can be observed for 
the same rock type, e.g. in a limestone the P-wave velocity can range from 3500 
to 6000 m/s due to texture variations.  

Texture – Rocks consisting of minerals supporting high velocities will also support a 
high velocity, and vice versa. For example, increased hornblende content 
increases the velocity in the rock while increased quartz content decreases the 
velocity (Ramana and Venkatanarayana, 1973). Large grains leads to decreased 
velocity while fine grains leads to increased velocity (Lama and Vutakuri, 
1978). 

Density – Increased density generally results in increased P- and S-wave velocity, 
although the increase for S-waves is lower. Small grains, few pores and tight 
interlocking leads to increased density but also increased shear and Young’s 
modulus, thus increased velocity. 

Porosity – Porosity, i.e., pores and microcracks (Walsh and Brace, 1966). Pores are 
interstitial spaces between grains in a sedimentary rock, cavities in an igneous 
rock or voids caused from solution in water. Microcracks develop when grains 
crack or shift with respect to one another due to changes of the internal stresses. 
Increased porosity leads to decreased wave velocity (Lama and Vutakuri, 1978; 
Ramana and Venkatanarayana, 1973; Youash, 1970). 

Anisotropy – An anisotropic material has properties (physical, dynamic and 
mechanical) that vary with direction (Amadei, 1996). Anisotropy in rock is 
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caused by layering (i.e. sedimentation), presence of regularly spaced cracks 
(small scale) or discontinuities (large scale). Both P- and S-wave velocities are 
affected by velocity anisotropy (Paterson, 1978). 

Stresses – Increasing confining stress tends to close cracks and decrease the porosity 
of an intact rock leading to increased contact between grains due to tighter 
interlocking. This in turn increases the Young’s modulus and thereby the 
velocity of both P- and S-waves. The increase is greater at low stresses and is 
therefore more prominent for porous and loose rocks than for compact rocks. 
Moreover, the wave velocity is higher during unloading than loading since 
cracks remain closed during unloading (Lama and Vutakuri, 1978). 

Water Content – In rock P-waves propagate through both the mineral structure and 
the pores. Since the P-wave velocity in water is several times higher than in air 
the velocity generally increases in saturated hard rocks (Lama and Vutakuri, 
1978; Paterson, 1978). The velocity in water saturated highly porous rocks is 
lower than in less porous rocks since the P-wave velocity in water is lower than 
that of the mineral structure. The S-wave velocity is nearly insensitive to water 
saturation because they only propagate through the mineral structure. 

 
 
2.3.2 Waves in rock masses 
As previously mentioned, propagating waves are attenuated due to energy losses 
(friction) to the material in which they are propagating. In a rock mass additional wave 
attenuation occurs due to the presence of discontinuities together with impedance 
differences between geological regions. At a discontinuity or an interface between 
regions propagating waves are subjected to reflection and refraction. This means that 
incident P- or S-waves in general are reflected as well as refracted as both P- and SV-
waves, while incident SH-waves are reflected as well as refracted only as SH-waves. In 
addition to impedance differences the angle of incidence has a significant impact on the 
amplitude of the reflected and refracted/transmitted waves. For a wave with normal 
incidence no reflection or refraction/transmission of the other wave types occurs, i.e. 
there is no mode conversion. 
 
Another important parameter is the frequency (or the wave length) of the propagating 
wave: if high (i.e. short wave length), the main part of the wave is reflected while if low 
(i.e. large wave length) the main part is transmitted across the discontinuity (Pyrak-Nolte 
et al., 1990b; Boadu and Long, 1996). At a “welded” interface between geological 
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regions the wave frequency has no effect on the amplitude of the reflected and refracted 
waves. 
 
The effect of an individual discontinuity on wave propagation depends on the following 
factors (i) roughness of the surface, (ii) infill mineral, (iii) opening of a discontinuity, (iv) 
thickness of the infill, (v) compressive strength of the contact surfaces, (vi) normal and 
shear stiffness and (vii) water – pressure and flow. The surface roughness of a 
discontinuity provides resistance when the two surfaces are in contact and when the 
discontinuity is subjected to shear forces. The compressive strength of contact surfaces is 
generally lower than that of the surrounding rock. Water might circulate in a 
discontinuity transforming minerals causing weathering and the creation of infill 
material. Increasing thickness of the infill material results in decreased contact between 
the surfaces of the discontinuity which in turn reduces its strength. Additionally, water 
might build up pressure leading to increased aperture thereby decreasing the shear 
strength of the discontinuity. 
 
In a rock mass there are numerous discontinuities usually randomly oriented or with 
dominant orientations creating discontinuity sets. For a randomly jointed rock mass it is 
difficult to account for the effect of individual discontinuities. The rock mass is therefore 
commonly treated as continuous and their effect is considered through the reduction of 
the Young’s modulus from the use of RMR (Bieniawski, 1978) or the NGI-index (Q-
system) (Barton et al., 1974). For a rock mass intersected by discontinuity sets properties 
such as normal spacing between the discontinuities within each set and the number of sets 
of discontinuities influences the wave propagation. Propagation of waves across multiple 
parallel discontinuities includes multiple reflections and refractions at each discontinuity 
(Zhao et al., 2006) thus making the wave propagation more complex than for a single 
discontinuity. Analytical models accounting for the effect of individual and multiple 
parallel discontinuities on wave propagation has been developed by e.g. Pyrak-Nolte et 
al., (1990a, 1990b), Zhao et al. (2006) and Cai and Zhao (2000). 
 
Pyrak-Nolte et al., (1990b) used the displacement discontinuity model (DDM) to 
determine the reflection and transmission coefficients for waves propagating across a 
single discontinuity for both dry and wet conditions. Their model accounts for the 
stiffness of the discontinuity as well as differences in seismic impedance on each side of 
the discontinuity and works for arbitrary angles. They extended the solution to also be 
applicable for multiple parallel discontinuities but then with the assumption that the 



 13

stiffness of all discontinuities is the same and that the rock on each side of the 
discontinuities has the same seismic impedance. Moreover, reflections between the 
multiple discontinuities are ignored and the solution can therefore only be applied when 
discontinuities are sparsely spaced with respect to the wave length (i.e. wave length << 
joint spacing).  
 
For wave lengths not much greater than the spacing between multiple parallel 
discontinuities a propagating wave is divided into several waves due to multiple 
reflections all arriving at different times thus creating a “final” wave that is the sum of all 
reflections (i.e. superposition) (Zhao et al., 2006). Cai and Zhao (2000) combined the 
linear elastic behaviour with the method of characteristics (see e.g. Bedford and 
Drumheller, 1994) and could thereby determine the particle velocity and the stresses on 
each side of a discontinuity. Their model can thus be used to study the effect of wave 
frequency (or wavelength), number of discontinuities, normal spacing between 
discontinuities and discontinuity stiffness on waves propagation across multiple parallel 
discontinuities. 
 
Zhao et al. (2006) observed that wave propagation across multiple parallel discontinuities 
can be divided into three categories: (i) the individual fracture area where the fracture 
spacing is large compared to the wavelength and each discontinuity contributes 
individually to the wave attenuation (i.e. no superposition occurs), (ii) the transition area 
where discontinuities begin to interact due to decreased spacing between the 
discontinuities leading to increased transmission due to wave superposition, and (iii) the 
small spacing area where the normal spacing is small compared to the wave length the 
discontinuities act like a single discontinuity having a reduced stiffness resulting in a 
decreasing transmission coefficient  
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3 PART I – WAVES AS A TOOL 
 
The responsibility of the Swedish Nuclear and Waste Management Company (SKB) is to 
manage and dispose all the radioactive waste produced by Swedish nuclear power plants. 
Today SKB operates a central interim storage facility for spent fuel (CLAB) which 
temporally stores the radioactive waste. SKB is currently in the process of developing a 
permanent storage facility for radioactive waste (Spend Fuel Repository) at 500 meters 
depth in the crystalline bedrock. It will contain radioactive waste until the radiotoxicity is 
reduced to the same level as that of natural uranium meaning that the repository has to 
maintain its integrity for 100 000 years. To asses suitable locations SKB has conducted a 
comprehensive drilling program to asses various rock mass properties, one being the in 
situ stresses prevailing at the site. 
 
Stress measurements 
Knowledge of the prevailing in situ stresses along with the geological conditions and the 
strength properties of the rock mass are of great importance for the design of 
constructions in rock. The in situ stresses are usually determined through measurements 
of deformation and the stresses are calculated assuming elastic conditions. The rock in 
which the stress measurements are conducted is for mathematical simplicity commonly 
assumed to be isotropic. However, such an assumption is not applicable for all situations 
since a majority of the rock in the earth’s upper crust is anisotropic i.e. having physical 
and mechanical properties that vary with direction.  
 
Anisotropy 
According to Lekhnitskii (1981) the mathematically simplest case of anisotropy is when 
the rock has one axis of elastic symmetry of rotation i.e. being transversely isotropic (or 
hexagonal). The special case with three planes of elastic symmetry is called orthotropic 
(or orthorhombic). Anisotropy in rock can originate from its geological composition (e.g. 
bedding, stratification, foliation or layering) or jointing (e.g. one or several sets of 
discontinuities). The planes of anisotropy are assumed to be parallel to the foliation, 
bedding planes or sets of discontinuities. The range over which anisotropy may occur is 
large; from an intact specimen to the entire rock mass and therefore dependent on the size 
of the problem being analysed (Amadei, 1996). For example, a rock mass cut by a single 
set of discontinuities with a spacing of 0.3 m surrounding a borehole would be treated as 
isotropic while it would be treated as anisotropic for an 8 m span tunnel. If the rock 
between the discontinuities is anisotropic due to its geological composition it would have 



 16

to be considered for the borehole whereas the discontinuity induced anisotropy would be 
more important for the 8 m span tunnel. 
 
The coefficient, ratio or degree of anisotropy k is defined as the ratio between the 
maximum and minimum values of either the Young’s modulus or the P-wave velocity 
and is normally measured in directions perpendicular to each other. In layered rock (i.e. 
transversally isotropic) the P-wave velocity depends on the direction relative to the 
isotropic layer which means that the velocity is higher parallel than perpendicular to the 
layers (Lama and Vutakuri, 1978). This behaviour can also be applied to anisotropy 
generated by discontinuities i.e. the P-wave velocity parallel to the discontinuities is 
insignificantly affected whereas the velocity perpendicular to the discontinuity is 
reduced. This has been observed in rock samples containing microcracks with a preferred 
orientation generating P-wave anisotropy (Fjær, 1994; Paterson, 1978). 
 
Impact of anisotropy on stress measurements 
Amadei (1996), Worotnicki (1993), Martin and Christiansson (1991) and Rahn (1984) 
among others have shown that evaluation of stress measurements assuming isotropic 
conditions, when the true conditions are anisotropic, results in significant errors in 
magnitude and orientation of the interpreted in situ stresses. Amadei (1996) showed 
through numerical analyses that the magnitude and orientation of the in situ stresses 
change when the anisotropy ratio is increased from 1 to 3. He also observed that changing 
the borehole orientation with respect to the plane of isotropy resulted in stress magnitudes 
and orientations that differed with more than 100 % and up to 100°, respectively. Rahn 
(1984) performed numerical analyses of stress measurements in a transversally isotropic 
rock mass and concluded that the magnitude of the in situ stresses could deviate between 
+116 % and -45 % while the orientation deviated up to 20° (assuming an anisotropy ratio 
of 2). At the Underground Research Laboratory (URL) in Canada stress measurements 
conducted in two boreholes oriented perpendicular to each other resulted in different 
maximum stress magnitudes and a 45°difference in orientation (Martin and 
Christiansson, 1991). When considering anisotropy the difference in magnitude and 
orientation were reduced considerably. Worotnicki (1993) stated that for anisotropy ratios 
below 1.5 (1.3 depending on the anisotropy of the shear modulus) the error would remain 
reasonably low which was in agreement with the results presented by Amadei (1996). 
Anisotropy ratios above 1.5 will generate large errors while lower ratios would be 
overshadowed by the measurement error associated with stress measurements. 
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Detection of anisotropy in rock samples  
To estimate the degree of anisotropy in rock samples using P-wave velocity, 
measurements are usually conducted on cubes, spheres or axially on rock cores, drilled in 
different orientations with respect to the plane of anisotropy from a larger sample 
(Brown, 1981). The degree of anisotropy is then determined as the ratio between the 
maximum cp and minimum '

pc P-wave velocities, i.e. ./ '
ppc ccK =  Both rock cores and 

cubes need plane and parallel end surfaces which requires sample preparation, which is 
both time consuming and costly. A method where anisotropy can be detected without 
sample preparation would therefore be desirable.  
 
Li (2000) determined the P-wave velocity on rock cores using diametrical measurements, 
that is, the wave velocity was measured at different positions around the circumference of 
a rock core instead of along the core, which is the normal procedure. This means that 
wave velocity measurements could be performed on rock cores that would not require 
costly and time consuming preparation.  
 
Diametrical measurements 
To determine the P- wave velocity in test samples, the high frequency ultrasonic pulse 
method (Brown, 1981) was used. Transducers were placed opposite to each other with 
the sample in between. A pulse was generated by the transmitting transducer and 
propagated through the sample to the receiving transducer. The travel time for the pulse 
from the transmitter to the receiver was recorded.  
 
Steel wave guides were used to improve the acoustic coupling between the sample and 
the transducers. The two sides of the wave guide were curved and flat, respectively. The 
curved surface had the same radius as the rock sample. In addition, water was used as a 
couplant to further improve the acoustic coupling, since water had been shown to be as 
effective as specially developed pastes and aluminium foil (Li and Nordlund, 1993). 
 
During the diametrical measurements the core was rotated in angular steps of 30°, 45° or 
90° between each measurement (as shown in Figure 3.1). The core was rotated a total of 
180° or 360°. The velocities at all positions were compared and the ratio between the 
highest and lowest velocity was determined as the magnitude of the anisotropy.  
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Figure 3.1. Measurement points along the circumference of the core. (a) First 

measurement position, (b) second measurement position after rotating 
30°, 45° or 90° with respect to the previous measurement. 

 
Detection of geological anisotropy using diametrical measurements 
Axial and diametrical measurements were performed on steel and aluminium cylinders, 
as well as on nine rock cores. The metal cylinders were used since they are isotropic, 
elastic and homogenous while the rock cores were assessed as transversally isotropic (i.e. 
anisotropic) or isotropic. The anisotropic rock cores consisted of Biotite gneiss with 
layering in form of quartz veins up to 5 mm wide while the isotropic rock consisted of 
Gabbro with varying grain size.  
 
The diametrical and axial P-wave velocity measurements performed on metal cores 
verified their isotropy but also that diametrical and axial measurements give the same 
result (the difference was about 2-3 %). For the anisotropic rock cores, the highest 
velocities were measured parallel to the layering while the lowest were observed 
perpendicular to it (Figure 3.2). These findings, verified the ocular geological assessment 
that the cores were transversally isotropic (i.e. anisotropic). The measurements also 
verified that rock cores geologically assessed as isotropic in fact were isotropic although 
there were minuscule differences in velocity between positions along the circumference. 

(a)            (b) 

Rotation of the core 
30°, 45° or 90° 

Measure point Measure point 
Next Measure 
point Next Measure 

point 
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Figure 3.2.  Measured velocities on three rock cores assessed as anisotropic.  
 
The results indicate that measuring the P-wave velocity diametrically while rotating the 
core in angular steps is a viable method to detect geologically inherent anisotropy. 
However, only anisotropy parallel or nearly parallel with the core axis can be detected 
from diametrical measurements. Anisotropy perpendicular to the core axis cannot be 
detected unless axial measurements are conducted as well, which unfortunately requires 
sample preparation. 
 
Detection of crack induced anisotropy using diametrical measurements 
 
Cores from Prototyp 
As mentioned earlier, anisotropy can also be due to microcracks having a preferred 
orientation. To determine if diametrical measurements can detect micro crack induced 
anisotropy measurements were performed on cores taken from SKB’s research facility 
Äspö Hard Rock Laboratory (Äspö HRL). A small TBM had been used to excavate two 
1.75 m diameter and 8 m long vertical holes in the floor of a drift situated at a depth of 
450 m (called the Prototype area). Four boreholes were drilled parallel to the vertical 
holes, two before excavation and two after. Diametrical measurements were performed at 
several sections along the cores retrieved from the four boreholes.  
 
Figure 3.3 shows the measured P-wave velocities at different positions around the 
circumference of one of these cores. As can be seen, the velocity varies depending on the 
angular position along the circumference of the core. The orientation of the maximum 
velocities is nearly the same (i.e. 330° to 360°) at all sections along the core. The 
anisotropy ratio, determined as the ratio between the maximum and minimum velocities 
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at each section, decreases with increasing distance from the top of the core (i.e. 
increasing distance from tunnel floor). The anisotropy ratio of the core measured at 
increasing distances from the tunnel floor was 15, 10, 11, 4 and 4 %.  
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Figure 3.3. P-wave velocities measured diametrically at different sections along a 

rock core from the Prototype area at Äspö. 
 
Compiling the velocities measured at two positions along all four cores show that the P-
wave velocity within the first meter from the tunnel floor is lower than at greater 
distances from the tunnel floor (see Figure 3.4). These variations may originate from 
microcracks created during the excavation process or from induced secondary stresses 
exceeding the strength of the rock. High anisotropy ratio in combination with reduced P-
wave velocity suggests that the rock near the boundary contain microcracks with a 
preferred orientation.  
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Figure 3.4. P-wave velocity as a function of increased distance from the tunnel 

boundary. 
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Cores from Stress measurements at Äspö HRL 
Additional measurements were performed on 13 rock cores retrieved from two boreholes 
(one horizontal and one vertical) located at a depth of 450 to 470 m in the northern part of 
Äspö HRL. In the boreholes stress measurements had been conducted with the Deep 
Doorstopper Gauge System (DDGS). The rock cores retrieved were the upper part of the 
overcored rock onto which the doorstopper gauge had been glued. The 13 cores were 
taken from four separate sections in the boreholes, all with slightly different geological 
composition, and were therefore divided into four groups; two for the horizontal and two 
for the vertical borehole. Diametrical measurements were performed along the 
circumference of each core 8 mm and 55 mm from the core’s edge using the same 
equipment previously described. 
 
All cores from the horizontal borehole were judged as anisotropic from the diametrical 
measurements, where the anisotropy ratio varied between 1.06 and 1.12 (6 - 12%). The 
maximum and minimum velocities were oriented perpendicular to each other having 
nearly the same orientation for all cores, suggesting that that the direction of the 
anisotropy is constant along the borehole (see Figure 3.5). From the vertical borehole 
four cores were considered to be anisotropic while three were classified as mainly 
isotropic (anisotropy ratio varied between 1.02 and 1.08 (1 - 8%)). The primary reason 
for this was differences in the geological composition between the two groups. There 
were differences in P-wave velocities measured at the edge (8 mm) and the middle (55 
mm) on the cores from both boreholes; however, no conclusive trends could be observed. 
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Figure 3.5. P-wave velocities measured diametrically at the edge and middle on cores 

from a horizontal borehole at Äspö HRL. 
 
To determine if the anisotropy originated from microcracks thin sections were prepared 
from four of the 13 rock cores. These sections consisted of a thin glass onto which a very 
thin slice (0.3 μm) of rock was glued. The sections were treated with a fluorescent epoxy 
which filled the cracks and pores. When subjected to ultraviolet light the imperfections 
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became visible and could hence be detected and characterised at 50 times magnification 
using an optical microscope. From each of the four cores (one from each geological 
group) two thin sections were prepared: one taken perpendicular to the core edge and one 
taken parallel the core edge (Figure 3.6). On each thin section the orientation, length and 
number of microcracks were documented in a systematic manner resulting in a simplified 
model of the crack distribution in the cores.  

 
Figure 3.6. The area on the rock cores from which thin section were prepared. 
 
The number of microcracks varied between the four cores. The thin sections from the 
horizontal borehole contained 40 % more microcracks than those from the vertical 
borehole. As shown above, it was cores from the horizontal borehole that had the largest 
anisotropy ratio. Additionally, about one third of the microcracks mapped on the thin 
sections from three of the cores had a dominant orientation (Figure 3.7). This suggests 
that the microcracks can be assumed to be planar since the maximum P-wave velocity 
was measured parallel to the planes while the minimum P-wave velocity was measured 
perpendicular to the plane (as illustrated in Figure 3.7). The orientation of the 
microcracks on the thin sections from the fourth core had no preferred direction, agreeing 
with the diametrical measurement which classified the core as mainly isotropic.  

 
Figure 3.7. Preferred orientation of microcracks mapped on the thin sections.  
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The anisotropy observed for the majority of the 13 cores may originate from variations in 
the geological composition of the rock and/or by induced microcracks. The cores were 
retrieved from a section of about 2 m or less in each bore hole. Although the core is not 
long, the geological composition, such as rock type, mineral content, grain size, amount 
of healed cracks, orientation of layering and other structural properties, may all vary. In 
addition, the thin section mapping revealed that about one third of the microcracks had an 
orientation that coincided with the velocity variations. These may arise through various 
processes, one being the overcoring process where the rock is supposed to expand due to 
the relief from its in-situ state. These results, in combination with the results from the 
Prototype, indicate that measuring diametrically along the circumference of a rock core is 
a usable method to detect micro crack induced anisotropy. 
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4 PART II – WAVE AS A CONSEQUENCE 
 
In Sweden several large underground railway projects are recently finalised, currently in 
progress or at the planning stage; the City Tunnel (Citytunneln) in Malmö, the Stockholm 
City Line (Citybanan) and the West Link (Västlänken) in Gothenburg. The primary 
motivation to invest in such large infrastructural projects is to increase the through-put of 
the railway network in densely populated regions benefiting the transportation of goods 
and people i.e. the society. Another advantageous feature is that the placement of 
railways underground only has a minor impact on spatially limited city centres. 
Moreover, the society currently considers railways as an environmentally friendly 
solution for the future. The Swedish Transport Administration (Trafikverket) is therefore 
expecting the number of railway tunnels in densely populated regions to increase over the 
next 20 years.  
 
A negative environmental consequence of railway traffic is the generation of ground 
vibration and airborne noise. For underground railways the airborne noise is not a 
problem. However, the combination of railway tunnels and their location, e.g. in densely 
populated areas, create new problems in addition to the vibrations; ground-borne noise. 
The generation, propagation and impact of train-induced vibrations (TIV) are briefly 
explained in the subsequent sections of this chapter. 
 
4.1 Train-induced vibrations 
Trains moving along an underground railway generate vibrations which in densely 
populated areas reach nearby buildings where residents might perceive them as vibrations 
or ground-borne noise (Figure 4.1). The transmission of vibrations from a railway tunnel 
through the ground and onward to nearby buildings depends on several factors and is 
therefore commonly divided into three parts or stages (Melke, 1988; SS-ISO 14837-1, 
2005); (i) the source which is train and track (emission), (ii) propagation path which is 
tunnel and ground (transmission) and (iii) the receiver which is buildings and its residents 
(immission). Theses parts will be covered briefly within the next sections. 
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Figure 4.1. Propagation paths of train-induced vibrations (Modified from Remington 

et al., 1987). 
 
4.1.1 The source 
A stationary train generate, due to its weight, downward deflections which are 
redistributed by the rail, sleepers, ballast and ground. These deflections will vary when 
the train is in motion due to variations in geometry, heterogeneity and stiffness of the 
support structure (sleepers, ballast, ground) thus creating vibrations. The response of the 
track structure also depends on axle load (weight of train and spacing of wheel axles), 
geometry and composition of the train (type, cargo, length) as well as train speed. At the 
wheel-rail interface wheel defects (eccentricity, imbalance, flats, unevenness) and 
irregularities on the rail (corrugations, corrosion, unevenness, waviness, joints) as well as 
unsteady riding (bouncing, rolling, pitching, centrifugal forces) and acceleration and 
deceleration of the train are the main contributors to the creation of vibrations. The 
characteristics of the generated vibrations depend on where they are generated i.e. wheel, 
rail or substructure. There is commonly a peak frequency corresponding to the ratio 
between train speed and sleeper spacing or between wheel spacing, sleeper spacing and 
train speed. Train-induced vibrations are associated with frequencies ranging from four 
up to a few thousand Hertz (SS-ISO 14837-1, 2005). 
 
4.1.2 Propagation path 
The waves propagating through the support structure will reach the tunnel invert and 
follow the tunnel periphery reaching walls and roof with reduced amplitudes (Ungar and 
Bender, 1975; Kurzweil, 1979; NGI, 2004) while the majority propagates into the 
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surrounding ground as body waves. Due to the composition of the ground the waves are 
subjected to geometrical and material attenuation as well as reflection and refraction at 
interfaces (here defined as material boundaries, discontinuities or free surfaces) all 
influencing their characteristics (for example amplitude and velocity), as explained in 
Chapter 2. Waves will also reach the ground surface and propagate along it.  
 
4.1.3 Receiver 
Train-induced vibrations reaching the foundation of buildings will propagate to other 
areas forcing the construction elements to oscillate. This will affect both buildings and 
occupants.  
 
Buildings response to vibrations 
The waves are subjected to a transmission loss (coupling loss) at the interface between 
the ground and building foundation. This loss is higher for vertical vibrations than for 
horizontal vibrations since buildings are usually less stiff in the horizontal direction. 
Inside the building the vibrations excite walls, floors and ceilings at frequencies ranging 
from 16 to 80 Hz (Remington et al., 1987). The frequencies at which amplification 
occurs depend on the stiffness, mass, size and damping properties of the construction 
elements. Additionally, vibrations might disturb sensitive equipment or in extreme cases 
cause structural (cosmetic) damage to buildings (Banverket, 1997). 
 
Human response to vibrations 
Vibrating walls, floors and ceilings can be perceived in two ways; either as vibrations or 
as noise:  
 

• Perceptible vibrations are felt when the whole or a part of the body is in contact with 
a vibrating surface. The level at which humans apprehend vibrations depend on a 
person’s position (standing, sitting, lying down), activity (resting, walking, running), 
age and sex (Pretlove and Rainer, 1995).  

 
• Ground-borne noise is either low-frequency rumble from vibrating construction 

elements or secondary noise i.e. high-frequency noise radiating from vibrating 
windows, furnishing or internal decorations. Humans’ perception of noise depends on 
the sound level, frequency content and duration. In general, noise that is fluctuating, 
heard at night or often repeated (like the passage of trains) is considered annoying 
(Davis and Cornwell, 1998). 
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At the levels associated with train-induced noise and vibrations people might experience 
difficulties to fall asleep, stay asleep, concentrate or suffer decreased work capacity. 
Noise combined with perceptible vibrations lowers the level at which noise is considered 
annoying (Howarth and Griffin, 1990). However, these levels are highly individual. 
Criteria and limit values have to be retrieved from national and international standards, 
e.g. Boverket (BFS 1993:57, 1993), Socialstyrelsen (SOSFS, 2005), the international 
standardization organisation (SS-ISO 2631-1, 1997; ISO 2631-2, 1989). 
 
4.1.4 Countermeasures 
To ensure that noise and vibration levels in buildings along railways are acceptable 
countermeasures are usually needed. They are applied either at the source, along the path 
or at the receiver. Applying countermeasures at the source is often the most effective and 
economically beneficial solution (Kazamaki and Watanabe, 1975; Deischl et al., 1995), 
and mainly aims to change the physics of the site (i.e. damping abilities) through the use 
of alternative materials or changed dimensions. Inserting rubber pads between rail and 
sleeper or a ballast mat (or sub-ballast mat) beneath or inside the ballast bed are two 
examples. Other options are to have a good maintenance program where the rail is kept 
smooth (Kazamaki and Watanabe, 1975; Deischl et al., 1995) or the ballast is tampered 
regularly. The most effective countermeasure, but also the most expensive, is to replace 
the ballast and sleeper with a mass-spring system (or floating slab-system) which consist 
of a heavy concrete slab isolated from the tunnel invert by rubber bearings or steel 
springs. 
 
It is not viable to apply countermeasures along the propagation path (i.e. in the ground) 
due to the ineffective and costly methods available. Applying countermeasures at the 
receiver normally means that the building or specific rooms are isolated using springs and 
dampers (similar to the floating-slab system). The vibrations are significantly reduced but 
the solution is comprehensive and therefore regarded as expensive. 
 
In urban areas it is normally easier and less expensive to apply countermeasures at the 
source than to apply them individually at each building along the railway. However, for 
particularly sensitive buildings (e.g. hospitals, theatres, etc.) such countermeasures might 
be required in order to meet the requirements. 
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4.2 Predicting vibrations and noise levels 
The standard entitled Mechanical vibration – Ground-borne noise and vibration arising 
from rail system, SS-ISO 14837-1 (2005) provide guidelines on suitable parameters to 
include in prediction models for situations where ground-borne vibration and/or ground-
borne noise might arise in buildings along existing or planned railways. All models 
should account for the components of the system, i.e., source, path and receiver. Ground-
borne vibrations and/or noise and their components should be calculated as functions of 
frequency (f). The basic model should yield the level or magnitude of ground-borne 
vibrations and/or noise, A(f), at the required position in the required quantity: 
 

))(),(),(()( fRfPfSffA =       (4.1) 
 
where S(f) is the source, P(f) the path and R(f) the receiver. Each of the fundamental 
components (i.e., source, path and receiver) should be further divided into relevant 
parameters. For instance S(f) might be the force generated at the wheel/rail interface or 
the vibration response (velocity or acceleration) at a specified location (e.g. tunnel invert, 
tunnel wall or in the ground beside the tunnel). The number of parameters which should 
be considered depends on the stage of the assessment process, i.e., scooping models, 
preliminary design and environmental assessment models and detailed design models. 
 
Models to predict ground-borne vibrations and/or noise can be either parametric 
(algebraic and numerical models), empirical or a combination of the two. These methods 
are often used due to their suitability with respect to the type of available data and how 
the result of the analysis will be used. Algebraic solutions are suitable for modelling 
reflections and transmissions at interfaces as well as propagation in layered media as long 
as the material is homogeneous and isotropic. Empirical models are solely based on 
measured data and in order to be usable the underlying physics has to be simplified which 
is disadvantageous for model accuracy but simplifies the use. Numerical analyses may be 
used to predict vibration generation and propagation when sufficient information 
concerning the system is available. For ground-structure interaction and building 
response numerical models or empirical data is often required.  
 
Kurzweil (1979) proposed an empirical model for estimating the floor vibration level in a 
room of a building situated along a subway by considering the attenuation through the 
ground (both rock and soil), the coupling loss between ground and building and the 
attenuation due to propagation inside the building. Melke (1988) suggested a similar 
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model where the sound pressure levels or velocity levels inside a building are estimated 
based on transmission loss from track, tunnel, ground and building. Ungar and Bender 
(1975) suggested a method where the vibrations are attenuated due to geometrical 
spreading from the line source, internal material dependent losses (dissipation) to the soil 
or rock and transmission losses at interfaces between layers. All three methods use the 
vibration level at the rail as reference and assume that the vibrations thereafter are 
subjected to transmission losses as they propagate. 
 
In the past, empirical methods based on field measurements (e.g. Ungar and Bender, 
1975; Kurzweil, 1979) were the primary tool used to analyse train-induced vibrations, 
despite the many uncertainties making the models unreliable. During the last decades 
there has been a tremendous increase in available computational power which has 
changed the way train-induced vibrations are studied. Today, advanced numerical models 
are available that can solve complex wave transmission problems under realistic 
conditions, where the computation time mainly depend on the number of parameters 
studied and the accuracy of the model. The numerical models can be utilised for 
parametric studies to identify important parameters (e.g. Andersen and Jones, 2006) or in 
combination with field measurements for calibration and relatively reliable prognoses 
(e.g. Fujii et al., 2005; Degrande et al., 2006). Numerical models have thus become the 
laboratory in which problems related to train-induced vibrations are being studied. 
 
To model wave propagation using numerical solutions either the Finite Difference 
Method (FDM), Finite Element Method (FEM), Boundary Element Method (BEM) or 
hybrids can be used (Yang and Hsu, 2006; ISO 2005). These methods are all continuous 
(Jing, 2003) and may be utilized for rock masses relatively free from joints or when 
discontinuities are closely spaced in comparison to the size of the problem (opening size, 
path length). To study the impact of individual discontinuities discontinuum models 
should to be used (Brown, 1987) and for this the Discrete Element Method (DEM) is 
suitable (Jing, 2003). To ensure reliable and accurate modelling of the wave propagation 
the effect of time step and element size has to be considered. 
 
Degrande et al. (2006) used a combined 3D FE/BE model to study the response of the 
ground surface above harmonically loaded tunnels while Ekevid et al. (2006) used a 3D 
FE model to study the wave behaviour in a shrinking soil volume at the boundary of a 
rock slope just ahead of a tunnel (an open track enters a tunnel). Two-dimensional FE 
models were used by Gardien and Stuit (2003) to conduct a parametric study and by 
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Hölscher et al. (2004) to evaluate the reliability of numerical predictions. Andersen and 
Jones (2006) used a coupled FE/BE scheme to compare the quality of information gained 
from 2D and 3D models.  
 
4.3 Modelling of the propagation path 
The studies of train-induced vibrations to date have been focused on the interaction of 
wheels, rail, sleeper and ballast (e.g. Zhai and Cai, 1997; Kaewunruen et al., 2006; Wu 
and Thompson, 2006; Baeza et al., 2006; Mazilu et al., 2011; Wu, 2011; Cai et al., 2010) 
and the dynamics of buildings as well as on human reaction to low frequency vibrations 
and noise (e.g., Crawford and Ward, 1964; Jeary, 1986; Qiusheng et al., 1994; 
Brownjohn, 2003) The mechanics of the source can be described in great detail since the 
parts are well defined, as well as the sources of the vibration. Furthermore, buildings are 
well-defined, i.e geometry and material. Since the construction material and the geometry 
of buildings are well described and known (compared to natural materials) the dynamics 
of buildings can be described with relatively simple numerical models and the behaviour 
and vibration modes can be simulated. The path, i.e. the geological material between the 
tunnel floor and the structures on the ground surface (e.g. buildings) is more complex. 
The studies of the propagation path reported in the literature have only considered soils. 
In other studies where the whole chain (source, path and receiver) has been considered, 
the model of the geological material has been over-simplified.  
 
The propagation of train-induced vibrations can be analysed using 2D as well as 3D 
models, where the source is commonly modelled as an oscillating force in a plane parallel 
to the track while the path between source and receiver is modelled as a plane 
perpendicular to the tunnel. This may be sufficient for isotropic ground conditions, but as 
pointed out by NGI (2004) and Lai et al. (2005), the propagation between source and 
receiver is a true 3D problem due to the heterogenic nature of the rock mass and the fact 
that waves travel along the most beneficial path, which may not be the shortest (i.e. not a 
plane perpendicular to the tunnel). However, 2D models are faster and the accuracy is 
good enough for parametric studies while 3D models should be used when predicting 
absolute vibration transmission (Andersen and Jones, 2006).  
 
A great number of investigations have been reported in the literature, all of them with a 
path consisting of soil (Eitzenberger, 2008). Unterberger et al. (1997) used FLAC (2D) to 
study how groundwater, lining thickness and tunnel depth affected the vibration levels on 
the ground surface above the Vienna metro line by applying a harmonic motion to the 
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floor of the concrete-lined circular tunnel situated in clay. Lai et al. (2005) developed a 
model that considered the three fundamental components, i.e. source, path and receiver. 
A numerical model simulated the dynamic input as well as the rail structure while the 
transfer function of the wave propagation from the ground to the foundation and from the 
foundation to the rest of the building was based on measurements. Degrande et al. (2006) 
studied behaviour of a deep bored tunnel and a masonry cut-and-cover tunnel as well as 
response of the ground surface above them using a combined FE and BE model, where 
FEM was used to model the tunnel lining while BEM was used to model the surrounding 
soil. Andersen and Jones (2006) used the same approach to determine the vibration level 
on the ground surface as well as in the ground surrounding a double track cut-and-cover 
tunnel and a single track tunnel using both 2D and 3D models. Fujii et al. (2005) used a 
2D FEM model to predict the vibrations near a shielded subway tunnel situated in soil. 
The model considered the tunnel lining, the surrounding ground and the load which was 
calibrated with measurements performed near the track. The load was applied directly to 
the tunnel floor, i.e. the rail was not considered. There was good agreement between the 
result from the model and the measurements, especially if the background vibration (from 
traffic) was considered. Schillemans (2003) used a 2D FEM model together with data 
from measurements to simulate the vibration levels at a tunnel intersection near Antwerp 
to determine which countermeasures were necessary to install at critical positions along 
the track. Other examples of studies are those by Silvestri et al. (2007), Rahman and Orr 
(2011) and Wang et al. (2011). 
 
All the above listed models assume that the ground consists of a homogenous, isotropic, 
and linear elastic material which can be modelled as a continuum. This may be justified 
when the ground consists of soil or clay. However, a rock mass is heterogeneous due to 
discontinuities and material boundaries and should preferably be modeled as a continuous 
material if it is free of joints or when the discontinuities are closely spaced in comparison 
with the size of the problem (opening size, path length). If the individual discontinuities 
are judge to have a significant effect on the rock mass behaviour then the rock has to be 
modelled as a discontinuum, allowing individual block to rotate, move along 
discontinuities or separate at interfaces (Brown, 1987). As previously described in 
Section 2.2 discontinuities in a rock mass have an impact and should not be ignored when 
analysing wave propagation in rock masses.  
 
In addition, the international standard SS-ISO 14837-1 (2005) states that the ground 
conditions as well as the wave field have to be considered when analysing the 
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propagation path. Ground conditions include parameters such as the geological profile, 
topography, man-made and natural heterogeneities as well as rock dynamic properties 
(Poisson’s ratio, density, shear and compression wave velocities, loss factor) while the 
wave field includes wave type (and associated conversion, reflection and diffraction), 
angle of incidence, near and far field, radiation distribution and geometric damping.   
 
4.4 Numerical simulation of waves in rock masses 
Since the majority of the studies on the propagation of waves from a tunnel to the nearby 
buildings reported in the literature only consider soils or over-simplifies the geological 
material when the whole chain (source, path and receiver) is considered the impact of the 
true behaviour of a rock mass on the propagation of waves (i.e. train-induced vibrations) 
cannot be determined from such analyses. Therefore, the effect of geometry as well as 
specific material properties of the rock mass including large-scale discontinuities should 
be studied. 
 
To study the impact of individual discontinuities as well as sets of discontinuities on the 
surface vibrations generated by a dynamic load in a tunnel a number of numerical models 
were developed. The software used was the Universal Distinct Element Code (UDEC), 
which is a 2D numerical software based on the distinct element method (DEM) for 
discontinuum modelling (Itasca, 2004). UDEC was chosen for two reasons: (i) the ability 
to simulate the response of discontinuous media (e.g. rock mass) subjected to either static 
or dynamic load (Itasca, 2004) and (ii) being commercially available the software is 
previously verified and the emphasis can thus be put on studying the effect of different 
properties (Sjöberg, 1999). 
 
Four models (A, B, D and D) were developed, all with their own purpose. Model A 
utilise symmetry and is used as a preliminary model to establish a concept for modelling 
the response of a ground surface to a dynamic load applied to the floor of a shallow 
tunnel. Model B and C are developments of model A and is used to study the impact of 
individual and sets of discontinuities (model B) as well as zones with altered stiffness and 
joint set properties (model C) on the waves induced by the dynamically loaded tunnel. 
Model D is used to study the propagation of waves through a rock mass containing 1 to 4 
joint sets and consider neither the ground surface nor the tunnel. 
 
In model A, B and C the dynamic input comprised of a vertical particle velocity defined 
as one period of a sinusoidal wave with the amplitude 100 mm/s applied to the floor of 
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the tunnel. Monitoring points positioned every 10 m along the ground surface, above the 
tunnel every 5 m, recorded the vertical and horizontal vibration velocity, i.e. peak particle 
velocity (PPV). The largest absolute value of the recorded PPV was determined for each 
monitored location, and the vertical and horizontal values were treated separately. The 
recorded amplitude was normalised with respect to the applied load and was then denoted 
ppv. The dynamic load used in model D was only half a period of a sinusoidal wave with 
the same magnitude and was applied along the model boundary. Only the vibrations in 
the vertical direction were analysed for model D, but recorded in the same manner as for 
the other three models.  
 
In the subsequent sections the set-up and main results are presented for each of the four 
models. Everything that is presented is taken from the appended papers C to F, i.e. 
Eitzenberger (2011, 2012a, 2012b) and Nordlund and Eitzenberger (2012). For more 
details considering each model and the results the reader is referred to the individual 
papers. 
 
4.4.1 Model A 
 
Model setup 
The model is 100x100 m and symmetric, as illustrated in Figure 4.2. The tunnel is a 
square with a height and width of 10 m. The dynamic input was applied along the floor of 
the tunnel and had the frequency of 100 Hz. See Eitzenberger et al. (2011) for more 
information regarding the set-up of model A. 

 
Figure 4.2.  Boundary condition for UDEC model A. 
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This model was used to study the impact of (i) overburden, (ii) the position of a 
horizontal discontinuity near a tunnel as well as the (iii) normal and shear stiffness of the 
discontinuity on the vibrations on the ground surface above a tunnel where a vertical 
dynamic load is applied to the floor.  
 

• Overburden - Four different overburdens were analysed; 10, 25, 40, and 55 m. No 
discontinuities were included in the model during these analyses. 

• Position of discontinuity - Three different positions of a single horizontal 
discontinuity with respect to the tunnel was studied: (i) 5 m above the tunnel roof, (ii) 
5 m below the tunnel floor, and (iii) 5 above the tunnel floor (i.e. middle of the wall). 
Analyses were performed with a normal and shear stiffness of 1 and 10 GPa/m. The 
overburden was 55 m. 

• The normal and shear stiffness were the same and had the values 1, 10, or 100 
GPa/m. The horizontal discontinuity was positioned 5 m above the tunnel floor (i.e. 
middle of the wall) and the overburden was 55 m.  

 
Results 
The vertical PPV on the ground surface has a peak above the tunnel while the horizontal 
vibrations have the peak at a distance approximately two to three tunnel widths from the 
tunnel centre (Figure 4.3). The vertical PPV reach a local minimum at a distance from the 
tunnel that increases with increasing overburden. Another observation is that the vertical 
and horizontal PPV;s are of similar magnitude even though the applied load only has a 
vertical component. Furthermore, the analyses show that both the vertical and horizontal 
ppv:s on the ground surface decreases with increasing overburden.  
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Figure 4.3. Vertical and horizontal PPV on the ground surface for different 

overburdens. 
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Figure 4.4 shows that a horizontal discontinuity positioned above the dynamic source 
(e.g. above the tunnel floor) decreases the PPV on the ground surface whereas if 
positioned below the dynamic source (e.g. below tunnel floor) the PPV increases. This is 
due to reflections at the discontinuity, which causes the waves to propagate upwards 
toward the ground surface when the discontinuity is positioned below the dynamic 
source. When the discontinuity is positioned above the source it prevents the waves from 
reaching the ground surface. However, the effect of the discontinuity is highly dependent 
on its normal and shear stiffness, as seen in Figure 4.4. If high (e.g. 100 GPa/m) the effect 
is negligible (i.e. the waves do not notice the discontinuity) while if low (e.g. 1 GPa/m) 
the waves are significantly affected since they are reflected at the discontinuity. 
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Figure 4.4.  Vertical and horizontal PPV on the ground surface for three different 

positions of a horizontal discontinuity with varying joint stiffness. 
 
 
4.4.2 Model B 
 
Model setup 
Since inclined discontinuities are introduced in the model it will not be symmetric. Model 
A could therefore not be used and a “full” model, 400 m wide and 100 m high (Figure 
4.5) was created. The square tunnel in model A is here replaced by one that corresponds 
to the standardised geometry of modern single-track railway tunnels used in Sweden, i.e. 
9.0 m wide and 9.7 m high with an arched roof (Banverket, 2005). The dynamic input has 
a frequency of 125 Hz. See Eitzenberger et al. (2012a) for more information regarding 
the model set-up. 
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Figure 4.5. Layout of UDEC model B (not to scale). 
 
In this model the effect of both continuous and discontinuous properties on the vibrations 
at the ground surface was studied. For the continuous analyses no discontinuities, except 
the fictitious ones constituting the tunnel, were included in the model. The effect of the 
following continuous properties were analysed:  
 

(i) Overburden - Eight overburdens; 1, 2, 5, 10, 20, 30, 40 and 50 m were analysed in 
order to investigate how the overburden affects ppv above the tunnel (more 
detailed than in model A).  

(ii) Frequency of the dynamic input - Three frequencies were studied: (i) 32 Hz, (ii) 
63 and (iii) 125 Hz (the base case). The load was one period of a sinusoidal wave. 

(iii) Young’s modulus - Three different values were studied: (i) 20 GPa, (ii) 45 GPa 
and (iii) 81 GPa which correspond to RMR-values of 62, 76 and 86, respectively, 
according to Serafim and Pereira (1983).  

(iv) Damping ratio – varied from 0 to 5 %, where each increment was 1 %. 
 
In the discontinuous models discontinuities were included to study their impact on the 
wave propagation between a shallow seated tunnel and the ground surface. The effect of 
the following discontinuous properties were studied: 
 

(v) A single horizontal discontinuity positioned either 5 m above the tunnel roof or 5 
m below the tunnel floor (same as for model A) (Figure 4.6a). 

(vi) A single discontinuity inclined 45° and positioned either 5 m below the centre of 
the tunnel floor or 5 m above the centre of the tunnel roof (Figure 4.6b). 

(vii) A single set of discontinuities inclined 45° (Figure 4.6c). 
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(viii) Two sets of discontinuities inclined 45° and 135° (Figure 4.6d).  
 
For the discontinuity sets (vii and viii) the normal spacing was varied between 5, 10 and 
20 m. The overburden was 10 m in all studied cases (the overburden was 55 m in model 
A). 
 

    
 
 

   
 
 

Figure 4.6. The set-up of the discontinuous models: a) horizontal discontinuity, b) 45° 
inclined discontinuity, c) one set of 45° inclined discontinuities and d) two 
sets of inclined discontinuities (45° and 135°). 

 
Results 
The continuous analyses show that overburden, damping ratio, Young’s modulus and 
frequency of the applied load have a significant impact on the vertical and horizontal ppv 
at the ground surface (see Eitzenberger et al., 2012a). Increased damping ratio decreased 
both the vertical and horizontal ppv at large distances from the tunnel, while increased 
Young’s modulus increased the vertical and horizontal ppv for all distances. Decreasing 
the frequency, thereby increasing the wave length, significantly increased both the 
vertical and horizontal ppv at all distances. With increasing overburden the vertical and 
horizontal ppv at the ground surface decreased, as seen in Figure 4.7. However, some 
interesting behaviours were observed. The vertical ppv above the centre of the tunnel (at 
0 m) is for small overburdens (i.e. 1 - 10 m) very high, in some cases even higher than the 

(a)      (b) 

(c)      (c) 



 39

input. In addition, there is a local minimum at a distance of about 5 m from tunnel centre 
for low overburdens, which is the point situated straight above the tunnel wall. At greater 
overburdens (i.e. 20 - 50 m) the vertical ppv is lower and the local minimum is no longer 
present. Even for the horizontal ppv two different behaviours depending on the 
overburden are observed. For small overburden (< 10 m) there is a notch at a distance of 
5 to 10 m which is not present for larger overburdens (> 10 m). These behaviours were 
similar to those observed for model A (Figure 4.3). 
 

 
 
Figure 4.7. The vertical and horizontal ppv on the ground surface as a function of 

distance from tunnel centre for different overburdens. 
 
The interpretation of the behaviour of ppv on the ground surface for the discontinuous 
models is more complex.  
 
Model A showed that a horizontal discontinuity positioned above the tunnel increased the 
vibrations on the ground surface while if positioned below decreased the vibrations. The 
same condition analysed with Model B showed (simplified) that the ppv:s increased near 
the tunnel and decreased at large distances compared to a continuous model. This means 
that the two models do not generate the same results. One difference between model A 
and B is the overburden, which is 10 m in model B and 55 m in model A. A re-run of 
model B with an overburden of 40 m confirmed the results of model A. This suggests that 
it is not only the position of the horizontal discontinuity in relation to the tunnel but also 
the overburden that determines the impact of a discontinuity on ppv at the ground surface. 
 
Figure 4.8 shows ppv on the ground surface when a single discontinuity inclined 45° is 
positioned above or below the tunnel, along with ppv from a model without 

1m      5m         20m             40m 
2m    10m         30m             50m 
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discontinuities (called BC). Since the discontinuity is inclined the model becomes non-
symmetric and both sides of the tunnel have to be analysed. On the right-hand side of the 
tunnel the vertical and horizontal ppv:s are lower than that for the BC when the inclined 
discontinuity is positioned below the tunnel. If positioned above the tunnel ppv is similar 
to that of the BC. ppv on the left-hand side is more or less unaffected, which also applies 
to the vertical and horizontal ppv when the inclined discontinuity is positioned above the 
tunnel. 
 

 
 
Figure 4.8. The vertical and horizontal ppv on the ground surface for a discontinuity 

inclined 45° positioned below or above the tunnel. 
 
A set of parallel discontinuities inclined 45° decreases the vertical and horizontal ppv 
compared to that of the BC on both sides of the tunnel (Figure 4.9). However, on the 
right-hand side ppv show abrupt variations at different distances creating local maxima 
and minima. These only occur when the normal spacing is either 10 m or 20 m, with a 
greater number for 10 m. The peaks seem to occur a few meters before the position where 
the discontinuities daylight, which suggests that the waves on the right-hand side of the 
tunnel are trapped due to the acute angle between the ground surface and discontinuity 
(see Figure 4.6c), thus amplifying ppv. The angle between the ground surface and the 
discontinuity on the left-hand side of the tunnel is blunt and therefore does not trap any 

Above            BC              Below 
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waves. With 5 m spacing the ppv-curve remains fairly smooth, suggesting that the rock 
despite the discontinuities is acting continuously. 
 

 
 
Figure 4.9. The vertical and horizontal ppv on the ground surface for a single set of 

discontinuities inclined 45° for different normal spacing. 
 
Figure 4.10 shows that adding a second set reduces the vertical and horizontal ppv 
slightly compared to the case with one set, since the model becomes symmetric and 
therefore the behaviour is the same on both sides of the tunnel. The abrupt changes 
observed on the right-hand side for the single set (i.e. Figure 4.9) are now also observed 
on the left-hand side of the tunnel for 10 m and 20 m spacing (Figure 4.10). With the 
addition of a second set oriented perpendicular to the first set, acute angles are now also 
present on the left-hand side of the tunnel and seems to be trapping incoming waves in 
the same manner as on the right-hand side (Figure 4.10). The ppv-curve become even 
smoother with the addition of a second set for 5 m normal spacing. 
 

5m  10m     20m         BC 
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Figure 4.10. The vertical and horizontal ppv the ground surface for a rock mass cut by 

two set of discontinuities with varying spacing and inclinations 45° and 
135°, respectively. 

 
4.4.3 Model C 
 
Model setup 
The set-up of model C is similar to that of model B, i.e. 400 m wide and 100 m high with 
a tunnel that is consistent with modern single-track railway tunnels in Sweden. For 
model C two set-ups were used. In the first (I) the tunnel is situated within a thick 
inclined zone bounded by two large-scale discontinuities which daylights (Figure 4.11). 
The zone is defined either by (i) significantly different Young’s modulus than that of the 
host rock or (ii) as a zone with the same properties as the host rock mass but with 
significantly lower shear stiffness for the two large-scale discontinuities defining the 
zone. In the second model (II) the ground surface consist of either (i) a continuous layer 
with reduced Young’s modulus or (ii) a discontinuous layer with vertical and horizontal 
sets of discontinuities with different normal and shear stiffness as well as normal spacing 
(Figure 4.11). These analyses are compared with a base case (BC) model that does not 
contain any discontinuities. For more details about the set-up and conditions analysed the 
reader is referred to Nordlund and Eitzenberger (2012). 
 
The load is applied to the floor of the tunnel in the same way as for model B. ppv is 
presented as a function of the normalized distance x which is the ratio between the 
distance from the centre of the tunnel and the tunnel width.  
 

5m    10m         20m                BC 
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Figure 4.11. Geometry of UDEC model B containing an inclined zone and a surface 
layer. 

 
Inclined zone 
For the inclined zone Young’s modulus was varied between 4.5 and 90 GPa (ZY1 and 
ZY4). The horizontal thickness of the inclined zone was 26 m. The normal and shear 
stiffness was 10 GPa/m except for one model where the shear stiffness was 0.1 GPa/m 
(ZD2), see Nordlund and Eitzenberger (2012).  
 
The vertical ppv on the ground surface is higher when Young’s modulus of the zone is 
twice that of the surrounding rock (ZY4) whereas lowering Young’s modulus of the zone 
(ZY1 and ZY2) generate low ppv at all distances from the tunnel (Figure 4.12). Reducing 
the shear stiffness of the discontinuities defining the inclined zone (ZD2) significantly 
increases the vertical ppv above the tunnel while reducing the ppv outside the zone. This 
implies that the waves are trapped in and channelled along the zone. These two cases 
show a much larger relative maximum where the inclined zone daylights than the other 
cases. Case ZY2, with a 50% lower stiffness than that of the host rock mass, also shows 
some kind of filtering/trapping effect, since ppv varies around an average level, with a 
maximum above the tunnel and within the area where the inclined zone daylights. The 
behaviours observed for the vertical ppv also apply for the horizontal ppv. The only 
difference is that by adding the two discontinuities defining the zone increased the 
horizontal ppv on the left-hand side of the tunnel (Figure 4.12).  
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Figure 4.12 Vertical and horizontal ppv along the ground surface for a case with an 

inclined zone with different properties. 
 
Horizontal layer 
The thickness of the continuous layer was varied between 1, 2 and 5 m while Young’s 
modulus was either 10 or 25 GPa (denoted LY-models). The discontinuous layer is 5 m 
thick and consists of vertical and horizontal sets of discontinuities with a spacing of 2.5 to 
5 m and where the normal and shear stiffness vary between 1 and 5 GPa/m (donated LD-
models), see Nordlund and Eitzenberger (2012). 
 
Since the models are symmetric, only one side has to be studied. All analysed cases 
(including BC) except LY3, show similar behaviour. They result in higher vertical ppv 
than the base case (BC) for distances x  <  5.5 – 7.5, i.e. above and near the tunnel. The 
highest vertical ppv of all analysed cases is obtained when Young’s modulus was low and 
the layer was 2 m thick (LY2 and LY5). All LD-models (the layer is modelled as a 
discontinuous rock mass) give virtually the same vertical ppv-versus distance curves. In 
conclusion, the effect of a layer is an increase in vertical ppv in the interval x  <  5.5 – 
7.5 and a decrease for x  > 5.5 – 7.5 compared to BC.  
 
All analysed cases, except those with a discontinuous layer (LD), show higher horizontal 
ppv-levels than the BC for x < 3.5 (Figure 4.13). The horizontal ppv-levels of the LD-
cases are the same and lower than that of BC for x < 1. For distances x > 3.5, the 
horizontal ppv, when Young’s modulus is the lowest (LY1–LY3), was higher than for 
BC, while it is lower for the rest of the cases. The layer with the lowest stiffness shows 
the highest horizontal ppv. The highest levels of all analysed cases are obtained for the 
layer with the lowest stiffness and the greatest thickness (LY3). 
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Figure 4.13 Vertical and horizontal ppv along the ground surface for a case with a 

horizontal layer with different properties. 
 
4.4.4 Model D 
 
Model setup 
The model is 500 m wide and 250 m high (as shown in Figure 4.14). A discontinuous 
region 90 m high and with the same width as the model containing various set-ups of 
discontinuities is located 50 m from bottom of the model. The rest of the model consists 
of a linear elastic and homogeneous material free of discontinuities. The material 
damping was set to zero. ppv is recorded along the lower boundary and 10 m above the 
discontinuous region, extending 100 m on each side of the centre of the model. A 
uniformly distributed vertical velocity was applied to the lower boundary of the model, 
see Eitzenberger et al. (2012b). 
 
The discontinuous region consists of one to four sets with a normal spacing of either 5 m 
or 20 m. The inter-set angle, ϕ, i.e. the angle between each set is constant in each model. 
However, four different values of the inter-set angle have been used in this study, i.e., 
30°, 45°, 60° and 90°. The sets were rotated by 15° increments with respect to the 
orientation of the incident wave. Also the impact of the normal and shear joint stiffness 
was studied.  
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Figure 4.14. Geometry of model D (not to scale). 
 
When the angle between each joint set (i.e. the inter-set angle) within a model was equal, 
the joints were considered to be uniformly distributed (i.e. inter-set angle = 180°/number 
of sets). Decreasing the inter-set angle narrows the orientations in which the joint sets are 
distributed. At the same time this creates an angle between two of the sets that is greater 
than the inter-set angle, thus making the joint sets non-uniformly distributed (see 
Eitzenberger et al,. 2012b).  
 
The objective was to (i) investigate the wave attenuation across jointed rock masses with 
focus on analysing the effect of joint set number, joint dip angle, joint spacing and joint 
stiffness, and (ii) to examine when anisotropic behaviour of jointed rock masses has to be 
considered and when the rock mass can be treated as an equivalent continuum medium. 
 
Results 
Figure 4.15 shows that the waves propagating perpendicular to a single joint set are 
subjected to the greatest amplitude decrease (or attenuation). As the angle of incidence 
increases the transmitted vertical ppv increases and reaches a maximum at 90°, i.e. when 
the waves propagate parallel to the joint set. It can also be concluded from Figure 4.15 
that increasing the number of joint set from one to four (the uniformly distributed 
models) results in (i) decreased ppv overall, (ii) decreased difference between minimum 
and maximum ppv and (iii) a decrease of dependence of ppv on the angle of incidence. 

Monitoring points 

Monitoring points 
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This suggests that with increasing number of joint sets the anisotropic behaviour of the 
rock mass decreases. 
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Figure 4.15. The vertical ppv for 1, 2, 3 and 4 uniformly distributed joint sets. 
 
Decreasing the inter-set angle (i.e. ϕ → 30°) of the two joint set model narrows the 
distribution of the joint sets with respect to orientation making them non-uniformly 
distributed (as explained previously). As the inter-set angle decreases the ppv dependence 
on the angle of incidence increases (as seen in Figure 4.16), i.e. the rock behaves more 
anisotropic. The dependence on angle of incidence as well as the anisotropic behaviour 
decreases with increasing number of joint sets. The same behaviour is observed for three 
and four joint sets (e.g. see Eitzenberger et al., 2012b). 
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Figure 4.16.  The vertical ppv as a function of the angle of incidence and inter-set angle 

for the models with two joint set. 
 
ppv is always higher for the same set-ups (i.e. joint number and orientations) when the 
normal spacing is 5 m than when it is 20 m, even tough the waves has to propagate across 
an increased number of joints. According to Zhao et al. (2006), a possible explanation is 
that when the normal spacing is 5 m the ratio between the normal spacing and the wave 
length results in an interaction between the waves and joints thereby increasing the 
transmission. For a 20 m spacing the distance between the joints is too large and wave-
joint interaction does not occur.  
 
The joint stiffness (ranging from 1-100 GPa/m) has a significant impact on the 
propagation of the waves; if high (100 GPa/m) ppv was not attenuated, while if low 
(1 GPa/m) ppv was 0. This is in agreement with the model derived by Pyrak-Nolte et al. 
(1990), where the discontinuity allowed all energy to be transmitted when the joint 
stiffness increased (k → ∞) . Decreasing the stiffness to zero created a discontinuity that 
acted as a free surface reflecting everything. 
 
The wave velocity was determined for a model containing four joint sets with an inter-set 
angle of 30° (i.e. non-uniformly distributed joint sets). The velocity decreased 
significantly with about 2900 m/s for 5 m spacing and 1700 m/s for 20 m spacing. The 
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decreased wave velocities suggest that the material can be treated as an equivalent 
continuum medium (i.e. Goodman, 1989).  
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5 CONCLUSIONS 
 
This thesis has addressed two aspects of wave propagation in rock: as a tool for 
determining rock properties and as a consequence of activities, such as train traffic. This 
section concludes the thesis and outlines some ideas for future research. 
 
Part I 
Diametrical measurements of the P-wave velocity on rock cores have been evaluated as a 
possible method to detect anisotropy. Measurements have been performed on isotropic 
metal cores, rock cores geologically assessed as isotropic and anisotropic, as well as on 
rock cores containing microcracks. The presented results demonstrate that the method is 
able to detect anisotropy produced by both geological composition and microcracks 
having a preferred orientation. However, the anisotropy must be parallel or sub-parallel to 
the core axis in order to be detected. Furthermore, diametrical measurements on cores 
retrieved from below the floor of a drift at Äspö HRL revealed that the anisotropy 
decreases whereas the P-wave velocity increases with increasing distance from the drift. 
It was suggested that the cause to this behaviour were mircocracks with a preferred 
orientation created either by stresses exceeding the strength of the rock or the excavation 
method. 
 
Part II 
Numerical models have been used to study the impact of discontinuous on the surface 
vibrations above a shallow seated tunnel subjected to a dynamic load.  
 
One part of the project focused on the wave propagation in a rock mass in general. The 
results from this part showed that: (a) the angle of incidence has a limited effect on the 
wave amplitude regardless of the number of joint sets for uniformly distributed joint sets. 
Furthermore, a rock mass with three or four uniformly distributed joint sets can thus be 
considered as isotropic with respect to wave propagation; (b) For non-uniformly 
distributed joint sets, a decrease of the inter-set angle, makes the rock mass more 
anisotropic, and significantly increases the effect of the angle of incidence on the wave 
amplitude; (c) Large number of parallel joints with small spacing in relation to the wave 
length may increase the wave amplitude due to interaction (superposition) between the 
waves and the discontinuities; (d) It appears that there is an interface wave that 
propagates parallel the joints increasing the wave transmission when the normal spacing 
is 5 and decreasing it when the spacing is 20 m. 
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If the tunnel is situated within a rock mass containing either sets of discontinuities, an 
inclined zone with properties different from that of the surrounding rock mass or a rock 
mass where the uppermost layer has properties different from that of the host rock may 
lead to both decreased and increased vibrations on the ground surface, especially where 
the discontinuities or the zone daylight. This means that there are situations when 
analysis of wave propagation in rock masses requires that individual discontinuities are 
considered. In other cases the equivalent rock properties are sufficient to generate 
accurate results. Numerical analyses have to be carried out in order to analyse the 
performance of the system comprising the tunnel, the rock mass and the ground surface. 
Large-scale discontinuities have to be found in order to account for them in the analyses. 
 
 
Future research 
The project has revealed a number of issues which need to be further studied in order to 
improve the understanding of wave propagation in rock. Issues that need more attention 
are 
 
Wave propagation in rock masses 

• If the observations from numerical analyses of jointed rock masses are general, i.e. 
also holds for other frequencies of the input and joint spacing 

• If the rock mass can be considered as isotropic with respect to wave propagation, 
how should the equivalent rock mass properties for a dynamic problem be 
determined?  

• The cases when for example the wave amplitude increases due to interaction 
(superposition) between the waves and discontinuities 

 
Wave propagation induced by dynamic loads in underground facilities 

• Simulations considering a fictitious construction in the ground surface, for 
example, a foundation with concrete properties – What will be the difference 
compared to the analyses carried out in this thesis? 

• Studies using different sources, for example, comprising of more than one 
frequency, recordings from tunnels 

• Investigations of resonance phenomena 
 
 
 



 53

The response of underground openings to waves induced in the rock 
Numerical analyses of the response of underground openings, unsupported and 
supported, to seismic waves with respect to different factors such as  

• geometry of the opening, wave types, continuous and discontinuous rock 
• geological conditions, e.g., the event takes place within a hard rock mass and the 

opening is within a hard and brittle rock mass 
• the opening is within weaker volume of the rock mass 
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1. INTRODUCTION 

When conducting stress measurements, to determine 
the in situ stresses, the rock mass is often assumed 
to be isotropic. This assumption is not always 
correct. The rock mass is sometimes anisotropic, i.e. 
having different physical properties in different 
directions.  

Usually, if the rock is assumed to be anisotropic, an 
average value of the highest and lowest value of 
Young’s modulus is used to determine the in situ 
stresses. [1]. This is often a good approximation, 
especially if the anisotropy ratio is small, i.e. less 
than 1.5. The anisotropy ratio is defined as the ratio 
between the highest and lowest value of Young's 
modulus. If the anisotropy ratio is higher than 1.5, 
neglecting the anisotropy will have serious effects 
on the magnitude and orientation of the prevailing in 
situ stresses [1, 2].  

One way to determine the degree and type of 
anisotropy is to measure the longitudinal wave 
velocity in different directions of a rock sample. The 
measurements of the longitudinal wave velocity are 
usually performed axially on cores with plane and 
parallel end surfaces, or on cubes with plane and 
parallel surfaces [3].  

To be able to compare the anisotropy ratio, 
calculated from Young’s modulus and from p-wave 
velocities, recalculations have to be done. Young’s 
modulus, E, can be calculated from p-wave velocity, 
cp, through the relation [4] 

                        2
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where ν is Poisson’s ratio and ρ is the density of the 
material in which the wave propagates. The density 
of the material does not change due to anisotropy 
but so does Poisson’s ratio. If we assume that 
Poisson’s ratio is constant, then Young’s modulus is 
only a function of the velocity. The relation between 
the anisotropy ratios is then defined as 

                                    2
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where kE and kc are the anisotropy ratios of Young’s 
modulus and p-wave velocity, respectively. If the 
maximum velocity is 1.1 times the minimum, i.e. kc 
is 1.1, the difference in Young’s modulus, kE, is 

2.11.1 2 ≈ . It can be seen that if the degree of 
anisotropy, determined with p-wave velocity, is     
30 % (1.3), the anisotropy determined with the use 
of Young’s modulus is 70 % (1.7). 

To be able to perform longitudinal wave velocity 
measurements on cubes and cores with plane end 
surfaces, preparation of the cores is needed. This 
procedure takes time and costs money. In order to 
reduce the costs and time for core preparation, an 
experimental study was initiated. In this study, both 
diametrical and axial p-wave velocity measurement 
methods, have been compared. Measurements have 
been conducted on metal and rock cores, and on 
rock cores received from the Äspö Hard Rock 
Laboratory (HRL). The main objective of this study, 
was to determine whether it is possible to determine 
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if the rock is anisotropic or not, by diametrical 
measurements of the longitudinal wave velocity on 
rock cores.  

2. EXPERIMENTAL METHOD 

2.1. Specimens 
Rock cores as well as metal cylinders have been 
used in the study. The diameter of the metal 
(aluminium and steel) cylinders was 45.0 mm and 
the length was 150.0 mm. Metal cylinders were used 
because they can be assumed to be isotropic, elastic 
and homogenous.  

Different rock types have been used in this study. 
Three biotite gneiss cores, that showed obvious 
layering in form of quartz veins that were up to 5 
mm wide, were used. The layering is not sub-
parallel with the core, it has an inclination of about 
11-19° with respect to the core axis. The grain size 
of the biotite gneiss is 0.4-0.8 mm and up to 3 mm 
for the quartz veins. These cores are called BIO3:1, 
2 and 3. Six cores made of gabbro are also used. 
Three of the cores consist of fine-grained gabbro; 
GAB2:1, 2, 3. The grain size is 0.05-1.5 mm and the 
mineral grains have no preferred orientation. The 
three other cores are made of gabbro containing 
larger grains; GAB1:1, 2, 3. The grain size is 1-3 
mm and the mineral grains in the cores have no 
preferred orientation. All data about the rock cores 
are summarized in Table 1. 
Table 1. Summary of the rock cores used. 

Samples Rock type Grain size Anisotropy 
BIO3:1 
BIO3:2 
BIO3:3 

Biotite gneiss 0.4-0.8 
0-3 (veins) 

Layering (veins) 
inclination 11-19 with 
respect to core axis 

GAB2:1 
GAB2:2 
GAB2:3 

Gabbro 0.5-1.5 None 

GAB1:1 
GAB1:2 
GAB1:3 

Gabbro 1.0-3.0 None 

 
2.2. Test method 
The high frequency ultrasonic pulse method was 
used to determine the longitudinal wave velocity in 
rock specimens [3]. Transducers were placed 
opposite each other with the sample in between. A 
pulse was generated and propagated from the 
transmitting transducer, through the sample, to the 
receiving transducer. The travel time for the pulse 
from the transmitter to the receiver was measured 
and displayed by an oscilloscope. When the 
distance, d, between the transmitter and receiver, 

and the travel time, t, is known, the longitudinal 
wave velocity, c, can be calculated [3] 

             
t
dc =                (3) 

The velocity of elastic waves in anisotropic rock is 
different depending on the direction to the isotropic 
layers. If the wave propagates parallel with the 
layers, the velocity is greater than if the wave was 
travelling perpendicular to the layers [5]. The ratio 
or degree of anisotropy, kc, is often defined as the 
ratio between the highest, cmax, and lowest, cmin, 
velocities [5], 

          
min

max

c
c

kc =                (4) 

2.3. Experimental set-up 
In the initial stage, some basic measurements were 
performed in order to determine whether it is 
possible or not to determine the longitudinal wave 
velocity through diametrical measurements on a 
core. Axial and diametrical measurements were 
performed on steel and aluminium cylinders. The 
same measurements were thereafter performed on 
the nine rock cores (BIO and GAB). The travel time 
and the amplitude, for the received wave, were 
determined.  

Finally, measurements were performed on cores 
taken from the Äspö HRL. Four, several meters long 
cores, were taken from the rock below a tunnel at a 
depth of 450 m. In the floor, an 8 m long vertical 
hole, with a diameter of 1.75 m, was drilled with a 
TBM. Two of the cores were taken before the 
excavation and two were taken after the excavation. 
It was believed that the cores, taken after the 
excavation, might have been damaged to some 
degree. It was assumed that measurements of the p-
wave velocity diametrical on the cores might verify 
that. 
 
 

 

 
 

 

 

 

 
Fig 1. Measurement points around the circumference of the 
core. (a) First measurement position, (b) second measurement 
position, rotated 30°, 45° or 90° with respect to the previous 
measurement. 
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During the diametrical measurements, the core was 
rotated 30°, 45° or 90° (relative the transducers) 
between the diametrical measurements, depending 
on the need for accuracy (Fig 1). This is done in 
order to investigate if the longitudinal wave velocity 
varies depending on the inclination to the layering 
or to any disturbance.The equipment used in the 
tests is the following (see Fig 2): 

• LeCroy 9424 Quad 350 MHz Oscilloscope. 
• Pulse generator PUNDIT, generates 10 pulses 

per second. 
• Two cylindrical videoscan transducers from 

Panametrics (V103-RM), which can be used 
both as transmitters and receivers. The 
transducers have an eigenfrequency of 1 MHz 
and a diameter of 13 mm. 

• A rig that ensures that the transducers are 
attached diametrically opposite each other. 

 

 

 

 

Fig 2. Block diagram of the equipment used. 

A problem with diametrical measurements is the 
surface of the core. The surfaces, on which the 
transducers are to be placed, are not plane but 
curved. Due to the curvature, the contact surface, 
between the transducer and the core, is only a line. 
The transmitted wave is thereby damped and the 
results gained from the measurements become 
unreliable [6]. To increase the energy of the wave, 
wave-guides have to be used between the transmitter 
and the core [6]. The wave-guides, used in our 
measurements, are flat on one side and curved, with 
the same radii as the core, on the other side, see Fig 
3. 

 

 

 

 
Fig 3. The dimensions of the wave-guides. 

To obtain good acoustic contact between the 
transducers, wave-guides and sample, a couplant 
was used. It has earlier been shown that water can 
be used as a couplant instead of specially developed 
creams or aluminium foil [7]. Water is easier to use 

than other couplants on the market and was 
therefore used as couplant in all tests performed. 
Another reason is that no cleaning of the samples is 
needed after the measurements with water. The 
other types of couplants are sticky and need to be 
removed after the measurement. It is not clear if 
these couplants change the properties of the rock. 
This set-up of equipment follows the 
recommendation for laboratory testing given by the 
ISRM [3].  

3. RESULTS 

3.1. Measuring diametrical 
Measurements were performed every 30° on the 
circumference of the steel cylinder and every 45° on 
the circumference of the aluminium cylinder. The 
measurements show a small difference in velocities 
at different positions at the circumference of the 
steel cylinder where the measurements were 
performed, see Fig 4. The average velocity in the 
steel cylinder is 6.04 km/s and the standard 
deviation is 0.01 km/s.  
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Fig 4. Measured p-wave velocity at different positions around 
the circumference of steel and aluminum cylinders.  

The p-wave velocities measured on the aluminium 
cylinder have small and non-systematic variations, 
see Fig 4. The average velocity in the aluminium 
cylinder is 6.76 km/s and the standard deviation is 
0.01 km/s. 

The velocity measured axially on the steel and 
aluminium cylinders is 5.93 km/s and 6.56 km/s, 
respectively. 
3.2. Detecting anisotropy 
To see if the method can detect anisotropy, 
measurements were performed on nine rock cores, 
of which three showed obvious layering. 
Measurements were performed every 30° around the 
circumference, and at the middle, on the nine rock 
cores. Measurements were also performed axially on 
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the rock cores. The results from the diametrical 
measurements are shown in Fig 5, 6 and 7 below.  

Differences in the velocity, depending on where the 
measurements are performed on the circumferences, 
are observed. The highest velocities were measured 
at an angular direction of 180°, just opposite each 
other, e.g. 120°/300° (Fig 5). The same was found 
for the lowest velocities, e.g. 30°/210°. The lowest 
velocity is oriented perpendicular to the plane of the 
veins. The degree of anisotropy for core BIO3:1, 2 
and 3, using Eq. (4), is 29 %, 17 % and 17 % 
respectively.  

The velocity was also measured axially along the 
cores. For the three cores BIO3:1, 2 and 3 the 
velocities were found to be 5.87, 5.96 and 6.02 
km/s, respectively. 
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Fig 5. Measured velocities on three cores, which shows 
obvious layering. 

Measurements were also performed on cores that 
seemed to be isotropic. Three of the cores were 
Gabbro with a grain size 0.5-1.5 (GAB1:1, 2 and 3) 
and three were Gabbro with a grain size of 1-3 mm 
(GAB2:1, 2 and 3). The results from the 
measurements are shown in Fig 6 and Fig 7 below. 
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Fig 6. Measured velocities on three gabbro cores (GAB1:1, 2 
and 3). 
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Fig 7. Measured velocities on three gabbro cores (GAB2:1, 2 
and 3).  
Both GAB1 and GAB2 show anisotropy but it is 
small, only about 0-3 %. The anisotropy is not due 
to measurement error because of the large number 
of measurements performed. The velocity was also 
measured axially along the cores. For the three cores 
GAB1:1, 2 and 3 the velocities were found to be 
6.67, 6.68, and 6.70 km/s, respectively. For the three 
cores GAB2:1, 2 and 3 the velocities were found to 
be 6.45, 6.49 and 6.53 km/s, respectively.  

All these nine cores have different lengths. When 
measuring the travel time for the wave, the 
maximum amplitude was also documented. It can be 
seen that the amplitude decreases when the length of 
the cores increases, see Table 2. It can also be seen 
that there is an indication that the velocities decrease 
when the travel distance increases (Table 2). 
Table 2. The influence of length over which the wave has to 
propagate. 

Core 
 

Length 
[mm] 

Amplitude 
[mV] 

Velocity 
[km/s] 

GAB1:1 100.8 16 6.67 
GAB1:2 100.7 17 6.68 
GAB1:3 62.3 29 6.70 
GAB2:1 100.8 13 6.46 
GAB2:2 82.2 20 6.49 
GAB2:3 62.2 28 6.53 
BIO3:1 100.7 21 5.87 
BIO3:2 100.9 18 5.96 
BIO3:3 62.2 38 6.02 

 

3.3. Äspö HRL 
A line was drawn along the entire core on the four 
cores and given the orientation 0°. Diametrical 
measurements were then performed at different 
distances from the top of the cores (Fig 8). The 
velocities, measured at different positions around 
the cores, were plotted in a rose diagram. Hence the 
ratio of anisotropy was determined using Eq (4). 



 

 

 
Fig 8. Schematic picture of measurement points along a core. 

On core KA3546G03, measurements were 
performed at distances of 0.20, 0.37, 0.56, 1.00 and 
4.65 m from the "top" of the core and every 30° 
around the circumference of the core. The velocities 
vary depending on the angular position at the 
circumference of the core, implying that the rock is 
anisotropic, see Fig 9. The maximum velocities, 
measured at the different distances, are orientated in 
a similar direction for all distances, i.e. 330° to 360° 
(Fig 8). 
 
The ratio of anisotropy decreases when the distance 
from the top increases. The anisotropy ratio, from 
the top, is 15, 10, 11, 4 and 4 %. It is also observed 
that the velocities generally decrease when the 
distance from the top increases (Fig 9).  

4.70

5.20

5.70

6.20
0

30

60

90

120

150

180

210

240

270

300

330

0.20
0.37
0.56
1.00
4.65

Fig 9. Measured velocities at different positions around the 
circumference of core KA3546G03.  

The velocity measurements on core KA3546G04 
were carried out at the distances 0.10, 0.20, 0.34, 
0.54, 1.06, 1.45, 2.06 and 2.85 m from the "top" of 
the core. Measurements were performed every 90° 
around the circumference of the core for most 
distances except 0.20 m and 1.45 m where 
measurements were performed at every 45°. At 0.20 
m and 1.45 m, the anisotropy ratio, using Eq. (4), is 
8 and 6 %, respectively.   

The velocities gained in KA3546G03 show small 
differences compared with the velocities gained in 
KA3546G04. The plots of the velocities measured at 
a specific position (90° and 180°), as a function of 
the distance from the top of the core show an 

increase in the velocity for the first meters followed 
by a decrease (Fig 10). 
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Fig 10. Variation of velocity as a function of increased 
distance from the top of the core. 

The same is found in the measurements performed 
on cores KA3550G03 and KA3550G05, except that 
the velocities, measured at a specific position along 
the core, do not vary with increased distance from 
the top, as much as for the cores KA3546G03 and 
KA3546G04 (Fig 11). 
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Fig 11. Variation of velocity as a function of increased 
distance from the top of the core. 

4. DISCUSSION 

4.1. Measure diametrical 
The velocities, from the diametrical measurements 
performed on the steel and aluminum cylinders, 
show only small variations with angular positions 
around the circumference. Due to the isotropic 
features of steel and aluminum, this should be the 
case.  

There is a difference between the velocities 
measured axially and diametrically. The difference 
is about 0.1 km/s on the steel cylinder and 0.2 km/s 
on the aluminum cylinder, i.e. less than 2 and 3 % 
measurement error for respective material. Due to 
the small measurement error, diametrical 

Rock core 

Tunnel floor 



measurements gives results that are equal or very 
similar to results gained with measurements 
performed along the core. The two observations 
made above imply that the method of diametrical 
measurements of the longitudinal wave is possible. 
4.2. Detecting anisotropy 
The results from the measurements performed on 
the layered rock cores all indicate that the rock is 
anisotropic. The highest velocity is observed parallel 
to the layering and the lowest velocity is observed 
perpendicular to the layering. These cores can be 
assumed to be transversal isotropic, because the 
directions in which the maximum and minimum 
velocities are obtained are perpendicular to each 
other. The variation in degree of anisotropy, 
between the three sedimentary cores (BIO3:1, 2 and 
3), is probably caused by differences in the 
thickness of the quartz layer. The velocity measured 
along (axial) the core is higher than the highest 
velocity measured diametrically. It might depend 
upon the path of the wave. Because the layering is 
almost sub-parallel to the core, the wave can 
propagate through the same rock type.  

If the anisotropy is parallel to the core axis or if it 
has an inclination of some degrees, it can be 
detected with diametrical measurements. If the 
anisotropy is perpendicular to the core axis it cannot 
be detected, i.e. it cannot detect if the core is 
subjected to initiation of core disking. If the 
measurements are performed at different positions 
around the circumference of the core, the wave will 
propagate through layers of intact material that have 
the same properties.  

Axial measurements of the p-wave velocity on rock 
cores that have different lengths show that the 
amplitude of the received wave decreases as the 
length of the core increases. This is caused by 
attenuation of the wave. The longer the distance the 
wave has to propagate through, the larger is the 
attenuation. The velocity has a very small decrease 
due to the length of the core, if any (0.06 km/s over 
a length of 38.6 mm). The result is in agreement 
with the result received from measurements 
performed on granite cores [8]. There it can be seen 
that the p-wave velocities vary with increased 
diameter of the specimen. So it is believed that an 
increase in diameter of the specimen will affect the 
amplitude and, only to a small extent, the velocity.  

The velocities measured at a specific position 
around the core and opposite that position, i.e. the 
core is rotated 180°, differ. These differences are 
normally about 0.05 km/s, but can sometimes be 
over 0.20 km/s. In this case the differences are too 

small to be able to identify whether the cores are to 
be determined as anisotropic or not. 
4.3. Äspö HRL 
In the measurements performed on the cores from 
the Äspö HRL, it was observed that there are some 
parts of the cores where the measured velocities 
vary, indicating that the cores might be anisotropic. 
On all cores where measurements have been 
performed, it has been seen that the anisotropy ratio 
is higher near the top of the core. It has to be 
remembered that the top of the core is placed at the 
surface of the excavation. This implies that there is 
something that affects the propagation of the 
longitudinal wave, i.e. velocity, near the surface of 
the tunnel excavation. This disturbance may be 
caused by cracks with a preferred orientation. One 
thing that can cause this are high stresses around the 
excavation, causing the rock to fail. A second 
reason, and the more likely are that the rock is 
damaged due to the excavation of the tunnel. During 
the excavation of the tunnel, cracks with a preferred 
orientation are generated.  

The tunnel in Äspö HRL, from which the cores are 
taken, is excavated with a TBM. It has been found 
that excavating with a TBM generates less damage 
than a conventional drill and blasting method [9]. 
The zone of damage generated by the TBM has been 
found to be 0.03 m in both the walls and the floor 
[9]. Our measurements, performed on cores taken 
from the floor, indicate that the disturbed zone is 
between 0.5 to 1.5 m.   

5. CONCLUSION 

This study has investigated if the p-wave velocity 
can be determined by diametrical measurements on 
rock cores. It s also investigated if diametrical p-
wave velocity measurements on rock cores can 
identify anisotropy. 

The measurements performed on the steel and 
aluminium cylinder imply that diametrical 
measurements of the p-wave are possible. 
Comparison of the velocity measured diametrically 
and axially, implies that diametrical measurements 
give the same result as axial measurements.  

Measurements performed on layered rock shows 
that diametrical measurements on cores could 
identify anisotropy that is present in a rock core. 
The planes of isotropy have to be parallel or sub-
parallel to the core, in order to be identified by 
diametrical measurements. If the plane of isotropy is 
perpendicular to the core, it is not possible to 
identify the plane by diametrical measurements. 



From diametrical measurements performed on cores 
taken from Äspö HRL, it has been found that the 
rock core is more anisotropic near the surface of the 
excavation. It has also been found that the 
longitudinal wave velocity is lower near the surface 
than it is farther into the rock. It is believed that this 
is caused by damage from the excavation of the 
tunnel. It is concluded that this zone is larger that it 
was believed to be.   
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ABSTRACT 
This study has been performed in order to determine if cracks are present in cores previously 
subjected to overcoring during stress measurements with the doorstopper method. Two methods 
have been used: diametrical measurements of the p-wave velocity and microscopic mapping of 
thin sections prepared from the cores. From the p-wave velocity measurements it was found that 
a majority of the cores were anisotropic, although only to a small extent. By mapping the thin 
sections it was found that microcracks were present in the overcored core. A large amount of 
the microcracks had a dominant orientation that coincides with the result from the p-wave ve-
locity measurements. This implies that anisotropy, caused by microcracks with a preferred ori-
entation, can be detected by p-wave velocity measured diametrically. Furthermore, it was con-
cluded that, from the used approach, it was not possible to determine the cause of the develop-
ment of the microcracks that were present in the overcored core, and therefore, a new approach 
was suggested. 

1. INTRODUCTION 

In a study conducted by the Swedish Nuclear Waste and Management Company (SKB), it was 
found that the stresses determined with Deep Doorstopper Gauge System (DDGS) were higher 
(magnitude of 1.4 – 2.0) than stresses determined with hydraulic fracturing and triaxial strain 
cell (Christiansson & Janson, 2002). It was observed that the measured strain was very high; a 
50 % reduction of the strain would be needed in order to reduce the stress magnitudes to gain 
results similar to those obtained with the other two methods. One possible factor, among others, 
was that microcracks might be present in the rock, thus allowing large strain and causing the 
rock to be anisotropic.  

To determine if microcracks were present in the overcored rock and if they influence the 
measurements performed with DDGS a study was initiated by SKB. The study employs diamet-
rical measurements of p-wave velocity and a study of thin sections in an optical microscope. 
The objective of this study was to (1) determine if the cores are anisotropic, by performing dia-
metrical measurements of p-wave velocity, and (2) determine if microcracks are present in the 
overcored core. 



In this investigation diametrical measurements of the p-wave velocity were performed on 
the entire circumference at two locations along the axis of each overcored rock core. The anisot-
ropy ratio at the locations was compared and if differences were observed it was interpreted as 
an implication that microcracks might be present in the rock. Thin sections were taken from 
four of the cores and studied in an optical microscope. Fracture orientation, fracture length and 
number of fractures were mapped and a simplified model of the crack distribution in the core 
was established.  

2. LABORATORY TESTING 

2.1 Tested rock cores 

In this study 13 rock cores received from the northern part of the Äspö HRL area have been 
used during the testing. Six cores were taken from a horizontal borehole (KF0093A01) and 
seven cores were taken from a vertical borehole (KA2599G01). The horizontal borehole is 
inclined 2° and the vertical is inclined 10° and both boreholes were located at a depth of 450 – 
470 m. Three of the cores from the horizontal borehole (28.87, 30.89 and 31.05) consist of 
Äspö diorite, where the last two are foliated; the other three cores (29.92, 30.07 and 30.23) 
consist of fine-grained granite. 

All the cores from the vertical borehole cores consist of Äspö diorite, but there are some 
differences between the cores. The cores labelled 107.29-95 are relatively dark and have inclu-
sions of large "eyes" of other minerals. The cores called 128.28-97 are bright and do not contain 
eyes. All 13 cores have a diameter ranging between 60.6 and 61.0 mm and a length of about 
120 to 200 mm except core 30.89, which has a length of about 50 mm. 

From four of the cores thin sections were prepared for the microcrack mapping. The cores 
used were 29.92, 30.89, 107.95 and 128.28. 

2.2 Methods and experimental set-up 

2.2.1 P-wave velocity measurements 

The p-waves velocity, c, was determined from the relation (Brown, 1981) 

t
dc =  (1) 

where d is the distance over which the wave has to travel (diameter of the specimen) and t is the 
travel time. The anisotropy ratio, kc, is determined as the ratio between the highest, cmax, and 
lowest, cmin, velocity (Lama and Vutakuri, 1978) 

min

max
c c

c
k = . (2) 

The cores used are the upper part of the overcored cores on which the doorstopper gauge was 
glued. On the cores, diametrical measurements were performed around each core at two 
locations, 1) near the edge of the core (8 mm from the surface where the doorstopper was 
glued), and 2) 55 mm from the edge.  

The principle of diametrical measurements of the p-wave velocity is that a diametrical 
measurement is performed at one angular position. The core is thereafter rotated any given in-
terval (in this case 30°) and a new diametrical measurement is performed. This continues until a 
whole circumference is completed (Eitzenberger & Nordlund, 2002).  



A pulse generator PUNDIT, which generates 10 pulses per second, generated the p-waves. 
The p-wave was transmitted and received by two cylindrical videoscan transducers from 
Panametrics (V103-RM). The travel time was picked manually by an operator using a LeCroy 
9424 Quad 350 MHz Oscilloscope. In order to ensure that the transducers are attached diamet-
rically opposite to each other, a rig was used. To increase the amplitude of the transmitted p-
wave, wave-guides were used (Eitzenberger & Nordlund, 2002). 

2.2.2 Microcrack mapping 

Thin sections were prepared from four of the 13 cores (29.92, 30.89, 107.95 and 128.28). Thin 
sections consist of a thin glass slide onto which a very thin slice (0.3 μm) of rock is glued. The 
section is treated with a fluorescent epoxy, which fills openings like cracks and pores, and when 
lit with ultraviolet light, the cracks are shown as lines and can hence easily be detected and 
characterised. The thin sections were thereafter studied in an optical microscope at 50 times 
magnification. 

Two thin sections were prepared from each core (Fig 1). One thin section was taken 
perpendicular to the edge of the core (Fig 1b) and one was taken from the edge of the core (Fig 
1c). On the thin sections three vertical and three horizontal lines were marked and the 
microcracks were systematically mapped along these lines. Fracture orientation, fracture length 
and number of fractures were investigated. From the data gained during the investigation of the 
thin sections, a simplified model of the crack distribution in the core was established. 

Figure 1. The parts of the cores from which thin sections have been prepared. 

3. RESULTS 

3.1 P-wave velocity measurements 

In Figure 2 and 3 the results of the diametrical measurements performed on five cores from the 
horizontal borehole are presented. It can be seen that all the cores are anisotropic. The 
difference between the minimum and maximum velocity is in the range of 0.4-0.6 km/s. The 
orientation of the maxima and minima is in about the same in all the cores implying that the 
orientation of the anisotropy is relatively constant along the borehole. The p-wave velocities 
vary in the same manner on core 28.87 but the orientation of the core, with respect to the other 
five cores, is unknown and therefore not plotted in Figure 2 and 3. On the core 30.89, 
measurements were only performed near the edge because the sample was too short (50 mm).  

If the velocities, measured at the edge and at the middle of the core, are compared with 
each other, differences are observed, see Figure 4. For two of the cores (30.23 and 31.05) the 
velocities at the edge are lower than the velocities measured at the middle. For two other cores 
(29.92 and 30.07) it cannot be determined which of the positions that has the highest velocity. 
For the fifth core (28.87) the velocity at the middle is lower than at the edge. Due to the short 
length of core 30.89 no comparisons between edge and middle could be done for that core. 

Line, which the core was cut along        The slices that were used to make thin sections 

(a)   (b)   (c) 
The area where 
the DDGS has 
been glued.
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Figure 2. P-wave velocities measured diametrically, near the edge, on cores from the horizontal borehole.  
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Figure 3. P-wave velocities measured diametrically, at the middle, on cores from the horizontal borehole. 
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Figure 4. Comparison of the p-wave velocities measured near the edge and at the middle.  

 29.92              30.23 

4.40

Edge (8 mm)

Middle (55 mm)



The cores from the vertical borehole were found to be both isotropic and anisotropic. The cores 
labelled 107.29 – 107.95 can be determined as isotropic, or nearly isotropic, see Figure 5 (only 
core 107.95 and 107.44 are shown). The differences in velocities, depending on angular posi-
tion around the cores, are small. The difference between maximum and minimum velocity is 
less than 0.3 km/s (300m/s). A comparison of the velocities measured at the edge and at the 
middle of the core shows no obvious differences. Sometimes the velocity at the edge is higher 
and sometimes the opposite is true (Fig 5).  

The three cores labelled 128.28-97 show anisotropy in the same manner as the cores from 
the horizontal borehole. When comparing the velocities measured near the edge with the veloci-
ties measured at the middle of the core, the results are the same as for the previous cores; the 
velocities are sometimes higher near the edge and sometimes higher at the middle (the results 
are not shown here). 
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Figure 5. P-wave velocities measured diametrically on cores from the vertical borehole.  

3.2 Microcrack mapping 

The amount of microcracks varied between the four cores. The largest number of microcracks 
were observed on the thin sections taken from core 29.92 and 30.89, which both were from the 
horizontal borehole. The amount of microcracks observed on the thin sections from core 107.95 
and 128.28 was about 70 % of the quantity observed in core 29.92 and 30.89 (from the vertical 
borehole). The microcracks mapped in core 107.95 and 30.89 were somewhat longer but not to 
any large extent. Microcracks crossing the entire thin sections were also observed on those 
cores.  

For three of the cores (29.92, 30.89 and 128.28), microcracks with a dominant orientation 
were observed. On the three thin sections, taken perpendicular to the edge, about 30 % of all 
microcracks were perpendicular to the edge surface (parallel with the core axis) (Fig 6a, b). On 
the three thin sections, taken parallel with the edge surface, about 30 % of the microcracks were 
perpendicular to the line along which the core had been cut (Fig 6c, d). The orientation of the 
microcracks observed on thin sections from core 107.95 is scattered. 



In Figure 6 the microcracks with a dominant orientation are drawn as they are in the core. 
If it is assumed that the microcracks are shaped as circular discs, it can be seen that the micro-
cracks observed on the two thin sections coincide. It means that the same microcracks are ob-
served on the thin section taken parallel with the edge surface as the ones observed on the thin 
section taken perpendicular to the edge surface. 
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Figure 6. Schematic pictures showing, (a) rose diagrams of the microcracks mapped on the thin section 
perpendicular to the edge of core 30.89, and (b) the dominant direction of the microcracks. (c) and (d) 

show the same but for the thin section parallel to the edge surface. 

Microcracks parallel to the edge surface were observed on two thin sections taken perpendicular 
to the edge surface, on cores 30.89 and 128.28. The observed microcracks were relatively long 
(> 2 mm) and were only present between the edge surface and 1-2 mm into the core (Fig 7).  

Figure 7. Microcracks observed near the edge surface of the core. 

5. DISCUSSION 

From the diametrical p-wave velocity measurements it was determined that many of the cores 
were anisotropic. Using Equation 2 to calculate the anisotropy ratio shows that the ratio varies 
between 1.06 and 1.12 (6–12%) for the cores from the horizontal borehole and between 1.02 
and 1.08 (1–8%) for the cores from the vertical borehole. Rahn (1984) showed by numerical 
analyses that neglecting anisotropy during the interpretation of measurements performed with 
the doorstopper method affects the magnitude and orientation of the in situ stresses. However, 
the analysis considered anisotropy ratios larger than 2.0 (100%), which is several magnitudes 
greater than the anisotropy ratio found in these cores. Thus, the anisotropy ratios found in the 
overcored cores are probably too small to have any considerable effect on the result of the stress 
measurements performed with the DDGS.  

The slice on the thin section Edge surface 

Observed microcracks 

(a)                (b)                           (c)                       (d) 



The anisotropy found is likely to be caused by variation in the structure of the rock and/or 
by microcracks. The distance between core 28.87 and core 31.05 is about 2.18 m (smaller for 
the cores from the vertical borehole) and over this length one can expect that there are many 
variations in the fabric of the rock. The rock type, mineral content, grain size, amount of healed 
cracks, orientation of layering and other structural properties may all vary.  

The result of the microcrack mapping indicates that the anisotropy (at least part of it) is 
caused by microcracks with a preferred orientation. As shown by the microcrack mapping, 
about 30 % of all microcracks are oriented in the same direction. The highest p-wave velocity 
was measured parallel to the microcracks and the lowest velocity was measured perpendicular 
to the microcracks. The microcracks with the preferred orientation were observed on the three 
cores, 29.92, 30.89 and 128.28 and those were also the cores that had the largest degree of 
anisotropy. There is no dominant orientation of the microcracks observed on core 107.95 and 
this is in agreement with the results from the diametrical measurements, which show that the 
core can be considered as isotropic. Thus, diametrical measurements of the p-wave velocity can 
detect anisotropy caused by microcracks with a preferred orientation.  

The microcracks, which were parallel to the edge surface, could not be detected by the 
diametrical measurements, mainly due to two reasons. Firstly, the microcracks are parallel to 
the direction of the propagating p-wave, and the wave is therefore not affected. Secondly, the 
area where the microcracks are present is too small to generate any disturbance that affects the 
velocity of the wave. The diameter of the transducer used is 13 mm, so the wave will just 
propagate next to the area of the microcracks.  

From the microcrack mapping it could clearly be seen that microcracks were present in the 
overcored core. Microcracks can be induced due to several reasons. One probable cause is the 
flattening and polishing of the bottom of the borehole. This procedure generates local stress 
increases due to the sharp edges created at the bottom of the borehole. If the increase is large 
enough microcracks are generated, and if they have a preferred orientation, the rock will behave 
more anisotropic. The procedure of flattening and polishing is not involved in the other two 
stress measurement techniques. 

Another probable cause for microcracks is the removal of the rock from its in situ state. In 
the underground research laboratory (URL) in Canada, it was found that the in situ anisotropy 
was less than 5 % (velocities in different directions), but in the removed cores it was found that 
the secant modulus had anisotropy ratio of 100% (Martin and Christiansson, 1991). It was be-
lieved that the anisotropy was caused by stress-relieved microcracking. Accordingly, the re-
moval of the rock from its in situ state induces microcracks and creates anisotropy. Thus, the 
anisotropy detected in our study may, to some extent, be caused by microcracks generated while 
removing the core from its in situ state. 

There are other possible causes for the existence of microcracks. The microcracks may 
have been present in the rock before the drilling of the borehole; created when the rock was 
cooling or from the glaciation. Clearly, microcracks are present in the overcored cores, but how 
they were created cannot be answered by this study. Furthermore, it cannot be answered if the 
presence of the microcracks has any affect on the performance of the DDGS. Other tests are 
probably needed in order to gain more information, but first, a comprehensive literature study is 
needed so that the correct tests/analyses can be performed; thus answering the questions still 
remaining.  



6. CONCLUSIONS 

It has been found that microcracks are present in the overcored core when performing stress 
measurements with the DDGS method. However, it cannot be determined how the microcracks 
affect the stress measurements. Neither is it possible to determine the cause of the microcracks. 
Additional investigations including a comprehensive literature review are needed in order to be 
able to perform tests that might answer the questions still remaining. 

From the diametrical measurements of the p-wave velocity it was determined that the ma-
jority of the cores were anisotropic, although only to a relatively small extent. Through studying 
thin section from the cores, it was found that the anisotropy (at least partly) was caused by mi-
crocracks that had a preferred orientation. It can thus be determined that p-wave velocity meas-
ured diametrically can be used to determine if rock is anisotropic due to microcracks with a 
preferred orientation. This finding increases the versatility of diametrical measurements of the 
p-wave velocity. 
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1 INTRODUCTION 

A train moving along an underground railway will generate 
vibrations in the rail and the underlying track structure. 
These vibrations will radiate into the surrounding ground as 
elastic waves and will, in densely populated areas, reach 
nearby buildings and its residents. The generation and 
propagation of train-induced vibrations depends on several 
factors and is therefore commonly divided into three parts 
or stages; (i) the source which is the train and track, (ii) the 
propagation path consisting of tunnel and ground, and (iii) 
the receiver which is buildings and residents (Melke, 1988).  

The propagation of train-induced vibrations is complex 
due to the scale and the many uncertainties associated with 
the three stages. In the past, empirical methods (e.g. Ungar 
& Bendar 1975, Kurzweil 1979) were used to analyze 
problems related to train-induced vibrations. They were 
based on field measurements, but due to the complexity of 
the problem there were a large number of uncertainties in 
the models. Over the past decades there has been an 
enormous increase in available computation power which 
has altered the way train-induced vibrations are analysed. 
Today, train-induced vibrations are studied with the aid of 
numerical models in combination with field measurements 
(e.g. Fujii et al. 2006, Degrande et al. 2006). Numerical 
models have thus become the laboratory in which problems 
related to train-induced vibrations are being studied. 

Numerous numerical analyses have been performed on 
various problems related to train-induced vibrations. 
Degrande et al. (2006) used a combined FE and BE model 
to study the response of the ground surface above tunnels 
subjected to harmonic loading, while Ekevid el al. (2006) 
studied the behavior of the ground surface near the contact 
between soil and a rock slope (train moving on the ground 
surface entering a rock tunnel) using FEM. A common 
assumption in numerical analyses is to represent the ground 
by a homogenous and isotropic material (e.g. Andersen & 
Jones 2006). In some cases ground consisting of soil is 
assumed to comprise of layers (e.g. Fujii et al. 2006, 
Degrande et al. 2006). For situations where the ground 
consists of clay and soil assuming homogenous and 
isotropic material may be correct, but for a discontinuous 
rock mass it is not.  

The presence of discontinuities in a rock mass will alter 
the behaviour significantly, e.g. stiffness, strength or 
permeability. Discontinuities also have a significant impact 
on the transmission of waves. A wave propagating across a 
discontinuity will be partly reflected and partly refracted. 
How much that is refracted and reflected, respectively, 
depends mainly on the normal and shear stiffness of the 
discontinuity and wave frequency, but also on the angle of 
incidence (Boadu & Long 1996) and the number of 
discontinuities (Zhao et al. 2006). The propagation of waves 
in discontinuous rock masses has mainly been studied with 

Numerical simulation of train-induced vibrations in rock masses 

Andreas Eitzenberger, Ping Zhang, Erling Nordlund 
Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, Sweden 

ABSTRACT: The vibrations generated by a moving train in a tunnel will radiate into the surrounding ground which, in 
densely populated areas, will reach nearby buildings and its residents. Analyses are commonly made where the aim is to 
estimate the ground-borne noise and vibrations levels that may occur in nearby buildings. A common assumption is to treat 
the rock mass as an isotropic, homogeneous, and linear elastic material. Thus, the influence of discontinuities on the 
propagation of waves is not considered in the analyses. Within this study, numerical simulations were performed to study 
the propagation of low-frequency waves through a rock mass near a tunnel. A single period sinusoidal wave was applied as 
dynamic source on the floor of the tunnel. Observation points were located on the ground surface and around the tunnel. The 
influence on wave propagation from overburden, position of a discontinuity in relation to the tunnel, and normal and shear 
stiffness of the discontinuity, was studied by using the Universal Distinct Element Code (UDEC). The results show that 
increasing overburden reduces the vibration levels on the ground surface. Furthermore, the influence of the normal and 
shear stiffness of discontinuities depends on where the horizontal discontinuity is positioned in relation to the tunnel. If the 
horizontal discontinuity is positioned above the dynamic source (e.g. above tunnel or in the tunnel wall) the vibration levels 
on the ground surface will be reduced but if the horizontal discontinuity is located below the dynamic source (e.g. below the 
tunnel) the vibration levels on the ground surface will be enhanced. In our analyses, discontinuities only have an impact on 
the wave propagation if the normal and shear stiffness is ≤ 10 GPa/m.  

SUBJECT: Modelling and numerical methods 

KEYWORDS: Dynamics, numerical modelling, rock joints 



regard to blasting and explosions (e.g. Brandshaug & 
Rosengren 2008, Chen & Zhao 1998), i.e. high-frequency 
waves. Hence, there is lack of knowledge regarding the 
influence of discontinuities on low-frequency wave 
propagation in discontinuous rock masses (i.e. for the 
frequency range associated with train-induced vibrations).  

This paper addresses how (i) overburden, (ii) position of a 
horizontal discontinuity in relation to the tunnel, and (iii) 
the normal and shear stiffness of a discontinuity influence 
the wave propagation in a rock mass near a tunnel. The 
objective has been to determine the conditions that 
influence the vibration levels on the ground surface in the 
vicinity of a tunnel. The model, methodology, and input 
data are described as well as the results and the conclusions 
of our findings. 

2 METHOD 

Wave propagation analyses were conducted using the 
Universal Distinct Element Code UDEC (Itasca, 2004). 
Input data used in the analyses were (i) rock stresses, (ii) 
rock mass properties, (iii) mechanical properties of 
discontinuities, and (iv) dynamic load.  

Virgin rock stresses were based on Swedish conditions 
where the horizontal stresses are greater than the vertical 
stress. The vertical stress is assumed to be the product of the 
depth and the unit weight of the overlying rock (i.e. σV = zγ) 
and the ratio between horizontal and vertical stress is in our 
analyses set to two (i.e. σH = σh = 2σV). 

The rock and discontinuity properties used in the 
numerical model are presented in Table 1.  

 
Table 1. The rock and discontinuity properties used in the 
numerical model. 

Property Value 
Density, ρ [kg/m3] 2700 
Bulk modulus, K [GPa] 30 
Shear modulus, G [GPa] 18 
Young’s modulus, E [GPa]* 44.8 
Poisson’s ratio, ν [-]* 0.25 
P-wave velocity, VP [m/s]* 4472 
Friction angle of discontinuity, φj [°] 30 
Cohesion of discontinuity, cj [MPa]  1E20 
Tensile strength of discontinuity, σtj [MPa] 1E20 
Normal stiffness of discontinuity, kn [GPa/m] 1 - 100 
Shear stiffness of discontinuity, ks [GPa/m] 1 - 100 
Overburden [m] 10 - 55 

* Calculated from the bulk and shear modulus. 
 
The dynamic load used in the analyses was one period of 

a sinusoidal wave with a duration of 0.01 sec and a particle 
velocity of 100 mm/s at a frequency of 100 Hz. The size of 
the dynamic load was based on measurements presented by 
Hall (2003), where the particle velocity was measured in the 
railway embankment between the rail and the ground 
surface. The maximum amplitude measured was 
approximately 90 mm/s. 

 
2.1 Model setup 

The UDEC-model is 100 m high and 100 m wide, as 
illustrated in Figure 1. The tunnel is a square with a height 

and width of 10 m. The geometry and size of the tunnel may 
not be representative, but is chosen for its simplicity. Due to 
the tunnel shape, symmetry was used in order to reduce the 
model size (and hence the computation time).  

 
 
Figure 1. Boundary condition and initialized stress state for 
the UDEC model. 

 
Itasca (2004) recommends that the damping ratio for 

geological materials should be between 2 and 5 %. It is 
commonly regarded that the damping ratio of a system like 
a rock mass is difficult to determine. A few pre-runs were 
therefore performed which showed that the impact of 
damping on the results was relatively small. The damping 
ratio was therefore set to 2 %. 

The minimum element size (Δl) required to accurately 
represent wave transmission in UDEC depends on the 
relation between wave velocity and frequency (Itasca, 
2004), and is estimated through the relation Δl = VP/10f. 
Since the frequency (f) used is 100 Hz and the wave 
velocity (VP) is 4472 m/s, the minimum element size should 
be approximately 4.5 m. The effect of element length was 
studied during the pre-runs and the results showed that the 
element size for the studied problem should be ≤ 1 m. Since 
shorter element lengths (i.e. increased number of zones) 
increases the computation time an element length of 1 m 
was used in the analysis.  

In all analyses the following procedure was used: 
 
1. Static phase – The boundary of the model is created 

along with the tunnel. Discontinuities are added in 
those models where discontinuities are included. 
Stresses, gravity, rock mass properties, and static 
boundary conditions are applied. The model is then 
run to elastic equilibrium.  

2. Dynamic phase – The boundary conditions are 
changed from static to dynamic which means that the 
symmetry boundary is fixed in the x-direction and 
viscous in the y-direction while the right and bottom 
boundaries are set as viscous. The ground surface is a 
free surface. The dynamic source is applied and the 
model is cycled for 0.06 sec (six times the duration of 
the load). 

 

σH = kσV 
σV

Gravity 

Dynamic
load 

Free surface 

100 m 

100 m 

Overburden Above 
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Below 



During the analyses history points on the ground surface 
were used to monitor the vibration levels (velocities) in both 
x- and y-direction (horizontal and vertical) every 10 m 
except above the tunnel where it was every 5 m. The 
maximum and minimum (most negative) vibration was 
recorded, and then the largest absolute value was 
determined as the vibration level at that point.  

 
2.2 Analyses 

The propagation of the vibration (or disturbance) from the 
tunnel to the ground surface has been studied. The aim was 
to analyse how (i) overburden, (ii) position of a single 
horizontal discontinuity in relation to the tunnel and (iii) 
stiffness of the discontinuity influence the vibration levels 
on the ground surface in the vicinity of a tunnel. The 
parameters analysed are shown in Table 2. 

 
Table 2. Summary of the analyses performed. 
Model Property studied Values 
1 Overburden 10, 25, 40 and 55 m 
2 Position of 

discontinuity 
5 m above, 5 m below, and 
in the middle of the wall 

3 Stiffness of 
discontinuity   

1, 10, and 100 

 

2.2.1 Overburden 
Four different overburdens were analysed; 10, 25, 40, and 
55 m, respectively. No discontinuities were included in the 
model during these analyses. Since no discontinuities were 
included in the model, the vibration levels on the ground 
surface monitored for an overburden of 55 m was used as a 
reference in the analyses where the position and stiffness of 
the discontinuities were studied. 

2.2.2 Position of discontinuity 
The position of a single horizontal discontinuity with 
respect to the tunnel was also analysed. As shown in Figure 
1, three different positions were studied: (i) 5 m above the 
tunnel roof, (ii) 5 m below the tunnel floor, and (iii) 5 above 
the tunnel floor (i.e. middle of the wall). Analyses were 
performed with a normal and shear stiffness of 1 and 10 
GPa/m. The overburden was 55 m. 

2.2.3 Stiffness of discontinuity 
It is well known that the normal and shear stiffness 
influences the propagation of waves in a discontinuous rock 
mass (e.g. Chen & Zhao 1998). However, due to the 
difference in scale between laboratory samples and large 
discontinuities it is not easy to acquire accurate values of 
the normal and shear stiffness. In the literature many 
different values are therefore presented. In numerical 
modelling it is common to use a normal and shear stiffness 
between 1 and 100 GPa/m. It is also common to give the 
normal and shear stiffness the same value, although the 
common belief is that normal stiffness is greater than the 
shear stiffness. Despite this, we decided to use a normal and 
shear stiffness that were equal and had the values 1, 10, and 
100 GPa/m. 

The analyses were performed with a single horizontal 
discontinuity positioned 5 m above the tunnel floor (i.e. 
middle of the wall) and with an overburden of 55 m.  

Since movement along discontinuities is not being 
studied the cohesion and tensile strength were assigned high 
values (Tab. 1). 

3 RESULTS 

3.1 Overburden 

Figure 2 shows the vertical vibration level monitored at 
different positions on the ground surface for four different 
overburdens; 10, 25, 40, and 55 m, respectively. The highest 
vibration levels occur above the tunnel (0 m). The vibration 
levels decreases with increasing horizontal distance from 
the tunnel until they reach a minimum and then increases to 
levels similar to those observed above the tunnel. The 
position where the minimum occur on the ground surface 
changes with overburden. Furthermore, the vertical 
vibration levels on the ground surface decreases with 
increasing overburden. 
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Figure 2. Vertical vibration levels on the ground surface for 
different overburdens. 

 
In Figure 3 the horizontal vibration level monitored at 

different positions on the ground surface for four different 
overburdens is shown. The vibration levels are close to zero 
above the centre of tunnel (0 m) and increases with 
horizontal distance from the tunnel until they reach a 
maximum at a distance corresponding to approximately 
three tunnel widths. The vibration levels thereafter 
decreases with increasing distance from the tunnel. 
Furthermore, the horizontal vibration levels on the ground 
surface decreases with increasing overburden. 
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Figure 3. Horizontal vibration levels on the ground surface 
for different overburdens. 

 



3.2 Position of discontinuity 

The vertical vibration level monitored at different positions 
on the ground surface when a horizontal discontinuity is 
placed either 5 m above, 5 m below, or at the middle of the 
wall of the tunnel, is shown Figure 4. The vibration levels 
calculated in a model without discontinuity are included as 
reference. Analyses were carried out for a normal and shear 
stiffness of 1 and 10 GPa/m. The overburden is 55 m. 

Regardless of the position of the discontinuity, the highest 
vibration levels on the ground surface occur above the 
tunnel and then slowly decreases with increasing horizontal 
distance from the tunnel. At a distance corresponding to 
approximately six tunnel widths the vibration levels reaches 
a minimum and thereafter remains fairly constant. This is 
the same behaviour as in the model with no discontinuity.  

It can also be seen that if a horizontal discontinuity is 
located in the middle of the wall the vibration levels 
decreases, while if a horizontal discontinuity is located 
below the tunnel the vibration levels increases compared to 
the model without discontinuity. If a horizontal 
discontinuity is located above the tunnel, the vibration 
levels decrease near the tunnel while becoming higher than 
the reference levels (i.e. no discontinuity) at greater 
distances. Another observation is that the difference in 
vibration levels between models with and the model without 
discontinuity is small for a normal and shear stiffness of 10 
GPa/m. By lowering the stiffness from 10 to 1 GPa/m the 
influence of the discontinuity becomes more evident.  
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Figure 4. Vertical vibration levels on the ground surface for 
three different positions of a horizontal discontinuity, where 
the normal and shear stiffness is varied and the overburden 
is 55 m. 

 
The horizontal vibration levels monitored at different 

positions on the ground surface when a horizontal 
discontinuity is placed in one of three positions around the 
tunnel is shown in Figure 5. The horizontal vibration level 
in the model with a discontinuity show the same trends as 
the reference (no discontinuity) model, e.g. zero above the 
tunnel and then increases until reaching a maximum at a 
horizontal distance corresponding to approximately two to 
three tunnel widths. The vibration level thereafter decreases 
with increasing distance from the tunnel.  

For a normal and shear stiffness of 10 GPa/m there is no 
difference in horizontal vibration levels among a model 
with a discontinuity in the middle of the wall, a 
discontinuity above the tunnel, and the reference model. A 
discontinuity below the tunnel increases the vibrations 
levels compared to the reference (no discontinuity) model. 

By lowering the stiffness from 10 to 1 GPa/m the influence 
on the vibration levels on the ground surface due to the 
presence of a discontinuity will increase. Thus, a 
discontinuity above the tunnel or in the middle of the wall 
decreases the vibration levels while a discontinuity below 
the tunnel increases the vibration levels compared to the 
reference model.  
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Figure 5. Horizontal vibration levels on the ground surface 
for three different positions of a horizontal discontinuity, 
where the normal and shear stiffness is varied and the 
overburden is 55 m. 

 
3.3 Stiffness of discontinuity 

In this parameter study the influence of the stiffness of a 
discontinuity is investigated. The model has an overburden 
of 55 m, a horizontal discontinuity located 5 m above the 
tunnel floor (i.e. in the middle of the tunnel wall), and the 
normal and shear stiffness is 1, 10 and 100 GPa/m.  

The overall behaviour of the vertical vibration at the 
ground surface is independent of the stiffness of the 
discontinuity, as shown in Figure 6. However, the vibration 
level decreases with decreasing normal and shear stiffness. 
This is particularly evident if the vibration levels for 
stiffnesses 10 and 1 GPa/m are compared. The decrease due 
to lowered stiffness of the discontinuity is slightly higher 
near the tunnel than at greater distance from the tunnel. The 
vibration level for the model with a stiffness of the 
discontinuity set to 100 GPa/m is nearly identical to the 
reference model (no discontinuity).  
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Figure 6. Vertical vibration levels on the ground surface for 
a horizontal discontinuity located in the middle of the tunnel 
wall where the overburden is 55 m and the normal and shear 
stiffness is varied. 

 



The horizontal vibration level on the ground surface of a 
model with a horizontal discontinuity 5 m above the tunnel 
floor (i.e. in the middle of the wall) shows a behaviour 
similar to that of the reference model, independent of the 
stiffness of the discontinuity, as shown in Figure 7. The 
vibration levels on the ground surface when the model 
contain a discontinuity with a normal and shear stiffness of 
10 and 100 GPa/m is virtually identical to the reference 
model. When the stiffness of the discontinuity is lowered 
from 10 to 1 GPa/m the vibration levels on the ground 
surface decreases. The decrease in vibration level is greatest 
at a distance corresponding to approximately two to three 
tunnel widths and lowest above the tunnel and at large 
distances from the tunnel.  
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Figure 7. Horizontal vibration levels on the ground surface 
for a horizontal discontinuity located in the middle of the 
tunnel wall where the overburden is 55 m and the normal 
and shear stiffness is varied. 

4 DISCUSSION 

4.1 Overburden 

Figure 2 clearly shows that the overburden has a large 
impact on the vertical vibration levels on the ground surface 
and that increasing overburden will reduce the vibrations. 
Another observation is that the highest vertical vibration 
levels occur above the tunnel, regardless of the overburden. 
There is also a point on the ground surface where the 
vertical vibration levels reach a minimum. The distance 
from the center of the tunnel to the local minimum increases 
with overburden, see Table 3. The depth of the tunnel floor 
is included in Table 3, since it is the position at which the 
dynamic load is applied. 

 
Table 3. Correlation between overburden and location of 
lowest vertical vibration. 

Overburden 
 

[m] 

Location of lowest 
vibration level1 

[m] 

Depth of tunnel 
floor  
[m] 

10 30 20 
25 40 35 
40 50 50 
55 70 65 

1) From Figure 2 

 
As can be seen in Table 3, the location on the ground 

surface where the lowest vibration levels occur seems to 

coincide fairly well with the depth at which the tunnel floor 
is located. The point where the minimum occurs on the 
ground surface could be estimated using an angle of 
approximately 45° from the corner between tunnel floor and 
wall.  

From Figure 3 it is evident that the horizontal vibration 
levels on the ground surface decreases with increasing 
overburden. The highest horizontal vibration levels occur at 
a horizontal distance of 2 - 3 tunnel widths from the tunnel 
centre. The point on the ground surface where the maximum 
horizontal vibration levels occur seems to be unaffected by 
changing overburden.  

 
4.2 Position and stiffness of discontinuity 

A horizontal discontinuity with a normal and shear stiffness 
of 10 GPa/m above, below, or in the middle of the wall have 
low or no effect on the vertical as well as on the horizontal 
vibration levels on the ground surface. By lowering the 
normal and shear stiffness to 1 GPa/m the influence of the 
discontinuity (regardless of position) increases significantly.  

The position of the discontinuity influences its impact on 
the vibration levels on the ground surface. A horizontal 
discontinuity located in the middle of the wall decreases 
both the vertical and horizontal vibration levels while a 
horizontal discontinuity located 5 m below the tunnel will 
increase the vibration levels. A discontinuity located 5 m 
above a tunnel will decrease the vertical vibrations near the 
tunnel and increase them slightly at greater distances while 
it always decreases the horizontal vibrations.  

The normal and shear stiffness of a discontinuity have a 
great impact on the propagation of waves and thereby the 
vibration levels at the ground surface. If the stiffness is high 
(e.g. 100 GPa/m) the vibration levels will be practically the 
same as if no discontinuity is present. Decreasing the 
stiffness reduces the transmission across the discontinuity 
and will, if the discontinuity is in the middle of the wall, 
reduce the vibration levels at the ground surface (as seen in 
Figures 6-7).  

This implies that the discontinuities prevents the waves 
(vibrations) from passing through, especially when the 
normal and shear stiffness is low, i.e. < 10 GPa/m. This is in 
agreement with e.g. Zhao et al. (2006) and Chen & Zhao 
(1998). If the discontinuity is located above the dynamic 
source (i.e. above or in the wall) the waves will be 
prevented from passing through (i.e. reflected) and will not 
reach the ground surface. The vibration levels on the ground 
surface are thereby reduced. If the discontinuity is located 
below the dynamic source (i.e. below the tunnel) the waves 
will be reflected and thereby increase the vibration levels on 
the ground surface.  

The sharp changes in vibration levels observed above and 
in the vicinity of the tunnel (≤ 10 m from tunnel centre) 
when the overburden is 10 m indicates a phenomenon 
caused by the low overburden (see Figure 2). One 
explanation might be that the roof acts like a beam 
enhancing the vibrations resulting in increased vertical and 
horizontal vibration levels on the ground surface near and 
above the tunnel.  

 
4.3 Model setup 

The amplitude of the dynamic source used in the model is 
based on measurements performed in a railway 



embankment situated on a ground consisting of clay and 
may therefore not be representative for the conditions 
encountered in a rock tunnel. Still, the ratio between input 
(dynamic load) and output (vibration on ground surface) 
would be the same even if the load would be more in 
correspondence with real values. The vertical and horizontal 
vibration levels seen in Figure 2 & 3 show that about 30 % 
of the amplitude of the source reaches the ground surface 
above the tunnel.  

The current model is very simple. The load is represented 
by a single period sinusoidal wave which is not the wave 
signature generated by a passing train. Furthermore, only a 
single discontinuity is added to the model which may not be 
representative for a real rock mass. Still, the aim was to 
study how a few rock and discontinuity properties influence 
the propagation of low-frequency waves. For that purpose, 
the model is sufficient.  

5 CONCLUSIONS 

With the aid of numerical simulation of low-frequency 
vibrations the influence of some rock and discontinuity 
parameters has been studied. Based on the results presented 
in this paper, the following conclusions can be made: 

 
• The overburden has a large impact on the vibration 

levels on the ground surface. With increasing 
overburden both the vertical and horizontal vibration 
levels on the ground surface will decrease.  

• The largest vertical vibration level occurs above the 
tunnel while the largest horizontal vibration levels 
occur at a distance approximately two to three tunnel 
widths from the tunnel centre. The amplitude of the 
vertical and horizontal vibration levels are similar, 
despite the fact that no horizontal dynamic load is 
applied in the model. 

• The addition of a discontinuity in the vicinity of a 
tunnel will influence the vertical and horizontal 
vibration levels on the ground surface. A horizontal 
discontinuity positioned above the dynamic source 
(e.g. above tunnel or in the wall) will reduce the 
vibration levels while a discontinuity located below 
the dynamic source (e.g. below the tunnel) will 
increase the vibration levels.  

• The influence of a discontinuity on wave propagation 
is highly dependent on the normal and shear stiffness 
since they control how much of the wave that can 
propagate across the discontinuity. Based on the 
properties used, a discontinuity with a stiffness 
> 10 GPa/m has low or no impact on the vibration 
levels while a discontinuity with a stiffness 
< 10 GPa/m has a significant impact on the vibration 
levels.  
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Abstract

To ensure that vibrations generated by trains travelling in tunnels
will not exceed recommended limits, reliable predictions are essential.
These predictions are commonly based on the assumption that the
ground is isotropic, homogeneous and linear elastic. By this assump-
tion any possible influence from discontinuities on wave propagation is
neglected.

Within this study, the Universal Distinct Element Code (UDEC)
has been used to study the impact of continuous (e.g. Young’s modu-
lus, damping ratio) and discontinuous rock mass properties (position
and orientation of discontinuity as well as normal spacing between
parallel discontinuities) as well as overburden and the frequency of the
applied load on the propagation of low-frequency waves. One period of
a sinusoidal wave was applied vertically on the floor of a near surface
tunnel. Monitoring points recording the peak particle velocity (PPV)
were located along the ground surface.

The results show that increasing overburden, increasing damping
ratio and decreasing Young’s modulus lowers the PPVs on the ground
surface. In addition a single discontinuity or a set of parallel dis-
continuities influence the PPVs on the ground surface. The impact
range from negligible to significant which implies that accounting for
the presence of discontinuities by reducing the Young’s modulus is not
sufficient and individual discontinuities must therefore be considered
when modelling wave propagation through a rock mass.

1 Introduction

Trains travelling along an underground railway produce vibrations in the
rail and in the underlying track structure which in turn radiates into the
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surrounding ground as elastic waves. In densely populated areas these vi-
brations will reach nearby buildings and residents as ground-borne vibration
and/or ground-borne noise. Consequently, when planing a new railway line
or new buildings along an existing line, the ground-borne noise and vibration
levels in nearby buildings must be predicted.

In the past, empirical methods based on field measurements (e.g. Ungar
and Bender, 1975; Kurzweil, 1979) were used to analyse train-induced vibra-
tions. Due to the large number of uncertainties associated with train-induced
vibrations these models are not reliable. During the last decades there has
been a tremendous increase in available computational power which has
changed the way train-induced vibrations are studied. Today, advanced nu-
merical models are used in combination with field measurements (e.g. Fujii
et al., 2005; Degrande et al., 2006). Thus numerical models have become the
laboratory in which problems related to train-induced vibrations are being
studied.

Many factors influence the generation and propagation of train-induced
vibrations and the problem is therefore commonly divided into three sep-
arate parts; (i) the source, which is the train and track structure, (ii) the
propagation path consisting of the tunnel and the surrounding ground and
(iii) the receiver consisting of buildings and the residents (Melke, 1988). The
international standard ISO 14837-1:2005 (ISO, 2005) provides a comprehen-
sive list of factors and parameters associated with the source, propagation
and receiver, all of which must be taken into consideration when analysing
ground-borne vibration and/or the resulting ground-borne noise.

For the propagation path one must consider ground conditions and wave
field (ISO, 2005). Ground conditions include parameters such as the geolog-
ical profile, topography, man-made and natural inhomogeneities as well as
rock dynamic properties (Poisson’s ratio, density, P- and S-wave velocities,
loss factor) while wave fields includes wave type (and associated conversion,
reflection and diffraction), angle of incidence, near and far field, radiation
distribution and geometric damping.

Today numerous examples of numerical models for studying train-
induced vibration or noise can be found in the literature. Degrande et al.
(2006) studied the response of the ground surface above harmonically loaded
tunnels using a combined 3D FE/BE model while Ekevid et al. (2006) used
a 3D FE model to study the behaviour of a shrinking soil volume at the
interface of a rock slope just ahead of a tunnel (an open track enters a tun-
nel). Two-dimensional FE models were used by Gardien and Stuit (2003)
to conduct a parametric study and by Hölscher et al. (2004) to evaluate
the reliability of numerical predictions. Andersen and Jones (2006) used a
coupled FE/BE scheme to compare the quality of information gained from
2D and 3D models.

In all of the above mentioned references the ground is represented as a
homogeneous, isotropic and elastic material. In some cases the layering of
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the soil is accounted for. This is suitable when the ground consists of soil.
But can this also be applied for a discontinuous rock mass?

It is well established that the presence of discontinuities will alter the
behaviour of a rock mass significantly, e.g. through decreasing the stiff-
ness and the strength and by increasing the permeability. Discontinuities
also have a significant impact on the propagation of waves since a wave
propagating across a discontinuity will, depending on the conditions, be re-
flected, refracted and transmitted at the discontinuity. Pyrak-Nolte et al.
(1990) derived a complete solution of the effect of a discontinuity on the
wave propagation. Boadu and Long (1996) showed using numerical mod-
elling that the angle of incidence has a significant impact on the amplitude
of the reflected, refracted and transmitted waves. Zhao et al. (2006) derived
an analytical solution through which they established that several paral-
lel discontinuities might increase the amplitude of an incident wave which
impinges perpendicular to the discontinuity plane.

Investigations of the impact of discontinuities on wave propagation in
a large scale rock mass has mainly been performed in relation to blasting
and explosions. Brandshaug and Rosengren (2008) studied the stability of
tunnels in rock subjected to an explosion using 3DEC while Chen and Zhao
(1998) used UDEC to study the impact of discontinuities on the propagation
of waves generated by blasting. Both blasting and explosions are associated
with high-frequency waves and the conclusions can therefore not be directly
applied to the propagation of train-induced vibrations since they are com-
posed of mainly low frequency waves. Hence there is a need to study how
the presence of discontinuities within a rock mass affects the propagation of
low-frequency waves (i.e. frequencies associated with train-induced vibra-
tions).

This paper addresses how continuous rock properties, such as Young’s
modulus and damping ratio as well as discontinuous rock properties such as
position and orientation of discontinuities influence the wave propagation in
a rock mass near a tunnel. The objective has been to study which conditions
influence the vibrations on the ground surface. In this study the emphasis
has been on the propagation path; this means that neither the source nor
the receiver have been considered.

2 Model setup

Wave propagation analyses were performed using the Universal Distinct El-
ement Code (UDEC), which is a two-dimensional (2D) numerical software
based on the distinct element method (DEM) for discontinuum modelling
(Itasca, 2004). UDEC was chosen for two reasons: (i) the ability to sim-
ulate the response of discontinuous media (e.g. rock mass) subjected to
either static or dynamic load (Itasca, 2004) and (ii) being commercially
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available the software is previously verified and the emphasis can thus be
put on studying the effect of different properties (Sjöberg, 1999). The rea-
son for choosing a two-dimensional model is that it is deemed sufficient for
parameter studies of dynamic ground problems (Andersen and Jones, 2006)
whilst requiring considerably less computational time than corresponding
three-dimensional models.

2.1 Model geometry

Based on the sensitivity analysis on model sizes for shallow-depth performed
by Töyrä (2006) a 400 m wide and 100 m high model (illustrated in Figure
1) was deemed sufficient for the study. The geometry of modern single-
track railway tunnels according to the Swedish Transport Administration
(Banverket, 2005) is used in the model. In the actual tunnel design, the
floor is inclined for drainage purposes, however, for simplicity, the tunnel
height is adjusted and the tunnel floor is assumed to be horizontal.

400
[m]

Overburden

100

Figure 1: Layout of the UDEC model (not to scale).

The accuracy of wave propagation in numerical models (e.g. UDEC)
is dependent on the relation between wave velocity (cp and cs), frequency
(f) and the spatial element size (Δl) and must satisfy Δl ≤ c/(8 to 10)f
(Lysmer and Kuhlemeyer, 1969). Based on the lowest S-wave velocity (see
section 2.5) and the maximum frequency of 125 Hz an element length of
about 1.6 m is required. Gardien and Stuit (2003) argued that the Rayleigh
wave velocity (cr) should be used instead when determining the element size
since it is the slowest of the three wave types. Using the R-wave velocity
(cr) would give an element length of about 1.4 m. It was decided that an
element length of 1 m would be sufficient for the model.

Due to the presence of inclined discontinuities in some of the models,
symmetry cannot be utilized. Evaluation of the results from some of the
discontinuous models must therefore be done for both sides separately in
order to see the total effect of the discontinuities.
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2.2 Dynamic input

One period of a sinusoidal wave with a particle velocity amplitude of 100
mm/s was used as dynamic input. The magnitude is based on measurements
performed in a railway embankment (between the rail and the ground sur-
face) where a maximum amplitude of approximately 90 mm/s was observed
(Hall, 2004). The load is applied below the ballast for the entire tunnel
width. A sinusoidal load is easier to track through the media and was cho-
sen in favour of time-histories from actual measurement.

2.3 Monitoring

In all models history points on the ground surface were used to record the
peak particle velocity (PPV) every meter for the first 10 m from the tunnel
center and thereafter every 5 m. This was done on both sides of the tunnel.
At each history point the maximum and minimum (most negative) PPV was
recorded in both the x- and y-direction (horizontal and vertical). The PPV
at each history point was determined as the maximal measured velocity
regardless of sign. In the analyses the PPV on the ground surface was
normalised with respect to the dynamic input.

2.4 Model procedure

The following procedure was used in all models:

1. Static phase - Model boundaries are created along with the artificial
discontinuities constituting the tunnel. Real discontinuities are added
in the discontinuous models. In-situ stresses, gravity, rock mass prop-
erties and static boundary conditions are applied. The model is run
to elastic equilibrium before the tunnel is excavated. After excavation
the model is again run to elastic equilibrium.

2. Quiet phase - In order to minimize any remaining movement the model
is run for an additional second. The boundary conditions are the same
as in the static phase.

3. Dynamic phase - The boundary conditions are changed from static
to dynamic which means that the left, right and bottom boundaries
are set to viscous thus creating non-reflective boundaries. The ground
surface remains a free surface. The dynamic input is applied and the
model is cycled about six times the duration of the load.

2.5 Continuous analyses

In these analyses the impact of common elastic parameters on the velocity
on the ground surface above a tunnel was studied. No discontinuities, except
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the fictitious ones constituting the tunnel, were included in the model. The
aim was to determine how (i) overburden, (ii) damping ratio (iii) Young’s
modulus and (iv) the frequency of the dynamic input influenced the vibra-
tions on the ground surface.

Elastic model properties

In the analyses one specific rock property set-up constitutes the base case
(BC). These properties are shown in Table 1 and are considered to represent
typical Swedish hard rock conditions. In the analyses one parameter is
altered between a minimum or maximum value. (Some properties are varied
in intervals between the minimum and maximum values, e.g. overburden and
damping.)

Table 1: Model properties used for the base case (BC).

Property Value

Density, ρ [kg/m3] 2700
Poisson’s ratio, ν [-] 0.25
Young’s modulus, E [GPa] 45
P-wave velocity, VP [m/s] 4500
S-wave velocity, VS [m/s] 2600
Damping ratio, [%] 2
Overburden, [m] 10
Frequency, [Hz] 125

The in situ stress conditions used were based on measurements from the
Fennoscandian shield (Stephansson, 1993) and are determined using

σH = 2.8 + 0.0399z [MPa] (1)

where z is the depth in meter. The vertical stress depend on the overlying
rock as is assumed as σV = ρgz where z is the depth, ρ is the density and g
is the acceleration due to gravity.

Overburden

A brief overview of tunnel projects in urban areas in Sweden shows that there
are variations in the overburden. At Citybanan, a six km long commuter
rail tunnel currently under construction in Stockholm, the overburden varies
between 0 and 50 m (here the overburden is the distance between tunnel
roof and ground surface, i.e. not only rock). For shuttle station 2 along
Arlandabanan, a railway connecting Stockholm and the Arlanda airport, the
overburden varies between 8 and 13 m. In the City tunnel, a six kilometre
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rail link under the city centre of Malmö, two tubes were drilled at a depth
of about 20 m below the ground surface.

Eitzenberger et al. (2011) showed that the vibration velocity on the
ground surface above a tunnel, where the floor is subjected to a dynamic
load, is strongly dependent on the overburden. For an overburden corre-
sponding to the width of the tunnel (in their case 10 m) the vibration veloc-
ity on the ground surface seemed to increase, especially above the tunnel.
It was suggested that due to the low ratio between overburden and tunnel
width (equal to 1) the tunnel roof was oscillating like a beam amplifying the
vibrations.

Eight overburdens; 1, 2, 5, 10, 20, 30, 40 and 50 m, were analysed in
order to investigate if a ratio between overburden and tunnel width being
≤ 1 increases the vibration velocities above or near the tunnel.

Damping ratio

It is generally considered difficult to determine the damping ratio accurately
for geological (rock and soil) materials. Itasca (2004) recommends a damping
ratio between 2 and 5 % for those materials. The impact of the damping
ratio on the vibration velocities at the ground surface was therefore studied
for damping ratios varying from 0 to 5 %, where each increment was 1 %.

Young’s modulus

A common method to address variations in the rock mass quality is to vary
the Young’s modulus of the rock mass. Three different values of Young’s
modulus were therefore studied: (i) 20 GPa, (ii) 45 GPa and (iii) 81 GPa.
Theses values correspond to RMR-values of 62, 76 and 86, respectively, if
the relation

E = 10
RMR−10

40 (2)

by Serafim and Pereira (1983) is used. A variation of Young’s modulus
will also change the wave velocity. In this case the three values of Young’s
modulus correspond to P-wave velocities of approximately 3000, 4500 and
6000 m/s, respectively. Poisson’s ratio was kept constant (0.25) for all three
cases.

Frequency of applied load

According to ISO 14837-1:2005 (ISO, 2005), the frequencies associated with
perceptible vibrations are in the range of 1 to 80 Hz while ground-borne noise
emitted by vibrating walls, floor and ceiling are in the range of 16 to 250
Hz. The frequency range associated with risk of damaging buildings is 1 to
150 Hz and the frequency range for interfering with sensitive equipment can
be up to 200 Hz. Based on the above ranges the relevant frequencies when
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studying the propagation of train-induced vibrations should be somewhere
in the range of 1 to 250 Hz.

Three frequencies were studied in this paper: (i) 32 Hz, (ii) 63 and (iii)
125 Hz. The load was one period of a sinusoidal wave. The duration was
therefore a function of the frequency.

2.6 Discontinuous analyses

Model properties of discontinuities

The set-up of rock properties used as base case in the elastic analyses is
also used as BC for the discontinuous analyses (see Table 1). Properties of
the discontinuities are shown in Table 2. Movement along discontinuities is
not studied and the cohesion and tensile strength is therefore assigned high
values since the applied load is small.

Table 2: Properties of discontinuities used in the analyses.

Property Value

Friction angle, φj [◦] 30
Cohesion, cj [MPa] 1 · 1020
Tensile strength, σtj [MPa] 1 · 1020
Shear stiffness, ks [GPa/m] 10
Normal stiffness, kn [GPa/m] 10

Stiffness of discontinuity

The normal and shear stiffness (kn and ks) of a discontinuity have a signifi-
cant impact on the propagation of waves in a discontinuous rock mass (e.g.
Chen and Zhao, 1998). However, to accurately determine the values is not
an easy task due to the scale difference between a discontinuity in a labora-
tory sample and in a rock mass. In numerical modelling it is common to use
a normal and shear stiffness between 1 and 100 GPa/m. It is also common
to give the normal and shear stiffness the same value despite indications
that the normal stiffness might be greater than the shear stiffness. Even
so, the normal and shear stiffness of the discontinuities were both set to 10
GPa/m. The fictitious discontinuities constituting the tunnel were given a
normal and shear stiffness of 1000 GPa/m.

Discontinuous models

As previously mentioned, discontinuities within a rock mass affect the prop-
agation of waves. Discontinuities were included in the model to study their
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(a)

45

(b)

45

(c)

45 135

(d)

Figure 2: The set-up of the discontinuous models: a) horizontal discontinu-
ity, b) 45◦ inclined discontinuity, c) single set of 45◦ inclined discontinuities
and d) two sets of inclined discontinuities (45◦ and 135◦). (Not to scale.)

impact on the wave propagation between a relatively shallowly seated tunnel
and the ground surface. Four different model set-ups were used:

Horizontal discontinuity - A single horizontal discontinuity positioned
either 5 m above the tunnel roof or 5 m below the tunnel floor was
studied (illustrated in Figure 2a).

Discontinuity inclined 45◦ - A single discontinuity inclined 45◦ was po-
sitioned either 5 m below the center of the tunnel floor or 5 m above
the center of the tunnel roof (as illustrated in Figure 2b).

Single set of parallel discontinuities inclined 45◦ - The rock mass was
cut by a single set of parallel discontinuities inclined 45◦ (Fig. 2c).
Three scenarios were modelled where the normal spacing between the
parallel discontinuities was varied: (i) 5 m, (ii) 10 m or (iii) 20 m,
respectively.

Two sets of parallel discontinuities - The rock mass was cut by two
sets of parallel discontinuities, one inclined 45◦ and the other 135◦

(Fig. 2d). The normal spacing between the discontinuity planes was
the same for both sets and three scenarios were studied; 5 m, 10 m
and 20 m, respectively.
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3 Results

3.1 Continuous analyses

Overburden

Figure 3 shows the normalised vertical and horizontal peak particle velocities
(ppv:s) at the ground surface for eight overburdens; 1, 2, 5, 10, 20, 30,
40 and 50 m, respectively. From Figure 3 it is clear that the normalised
vertical peak particle velocities (ppvv) on the ground surface decreases with
increasing overburden. However, two separate behaviours can be observed.
The ppvv above the centre of the tunnel (at 0 m) for small overburdens (i.e.
1 - 10 m) are very high, in some cases even higher than the input. There is
a local minima at a distance of about 5 m, thus situated straight above the
tunnel wall. The ppvv are much lower for larger overburdens (i.e. 20 - 50 m)
and the local minima observed above the tunnel wall is no longer present.

It is also clear, for all overburdens, that ppvv on the ground surface
decreases as the horizontal distance from the tunnel increases. For each
overburden there is a horizontal distance from the tunnel where the ppvv
reaches a minimum, this distance increases with increasing overburden. By
comparing the depth of the tunnel floor (overburden + tunnel height) and
the horizontal distance from the tunnel to the point of the ppv minimum
for all overburdens shown in Figure 3 it would appear that they are nearly
equal, especially so for larger overburdens. The ppvv increases slightly at
distances beyond the point of minimum and will thereafter remain fairly
constant.

As shown in Figure 3 the normalised horizontal peak particle velocities
(ppvh) at the ground surface are zero above the center of the tunnel and
increases with increasing distance. Depending on the overburden, two dif-
ferent behaviours can be observed; one for small overburdens (≤ 10 m) and
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Figure 3: Normalised PPV on the ground surface as a function of distance
for different overburdens.
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another for larger overburdens (> 10 m). For small overburdens there is a
notch at 5 to 10 m (increases with overburden) which is not observed for
large overburdens. For both small and large overburdens the ppvh reaches a
maximum after about 15 to 25 m and thereafter slowly decreases. The dis-
tance where this peak occurs seems to depend on the overburden. At large
distances from the tunnel the ppvh remains fairly constant. From Figure 3
it is evident that the ppvh on the ground surface decreases with increasing
overburden.

Damping ratio

Figure 4 shows the vertical and horizontal ppv:s on the ground surface for
six damping ratios; 0, 1, 2, 3, 4 and 5 %, respectively. It is clear that
an increasing damping ratio reduces the ppv:s on the ground surface. The
impact of the damping ratio on the ground surface ppv:s is fairly small near
the tunnel (< 30 m for the ppvv and < 20 m for the ppvh) and quite large
at greater distances.

Young’s modulus

The overall behaviour of the ppvv and ppvh on the ground surface is highly
dependent on the Young’s modulus of the rock mass, as shown in Figure
5. By increasing the Young’s modulus the ppv on the ground surface will
increase while decreasing the Young’s modulus reduces the ppv. This be-
haviour is observed for all distances from the tunnel, except at 0 to 10 m
where the low Young’s modulus produces higher ppvh on the ground surface
than the high Young’s modulus. Within a horizontal distance of 25 to 40 m
from the tunnel the differences in ppvv due to variations in Young’s modulus
is low, but this is also the area where the lowest ppvv occurs.
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Figure 5: Normalised PPV on the ground surface as a function of distance
for different Young’s modulus.

Frequency of the dynamic source

The frequency of the dynamic source has a significant impact on the vertical
and horizontal PPVs on the ground surface, as seen in Figure 6. An input at
a frequency of 125 Hz produces the lowest ppv while an input velocity with a
frequency of 32 Hz produces the highest ppv. The largest differences in ppvv
among the frequencies are observed above and near the tunnel (< 20 m).
Furthermore, the ppvv above and near the tunnel are close to or higher than
the input load at low frequencies. Additionally, the distance between the
tunnel and the point of minimum ppvv increases with decreasing frequency.

3.2 Discontinuous rock mass

Horizontal discontinuity

The ppvv on the ground surface when a single horizontal discontinuity is
positioned either 5 m above or 5 m below a tunnel is shown in Figure 7. The
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Figure 6: Normalised PPV on the ground surface as a function of distance
for different frequencies of the dynamic source.
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Figure 7: Normalised PPV on the ground surface for a horizontal discon-
tinuity positioned above or below a tunnel.

ppv:s calculated in a model without discontinuities are included as reference
(called BC). Analyses were performed for a joint normal and shear stiffness
of 10 GPa/m. The overburden is 10 m.

The presence of the horizontal discontinuity has an impact on the ppvs
on the ground surface for all distances. The ppvv are higher than in the BC
at distances < 40 m and lower than in the BC at distances > 60 m regardless
of position of the discontinuity. The ppvh are affected by the discontinuity as
well. Near the tunnel (< 20 m) the ppvh are higher than in the BC while at
greater distances they are lower when the discontinuity is positioned below
the tunnel. If the discontinuity is located above the tunnel the ppvh near
the tunnel (< 10 m) and greater distances (> 30 m) is lower that in the BC.
Between 10 and 30 m it is higher than in the BC.

Discontinuity inclined 45◦

Figure 8 shows the ppv:s on the ground surface when a single discontinuity
inclined 45◦ is positioned above and below the tunnel. The inclination of the
discontinuity makes the model non-symmetric and therefore both sides of the
tunnel have to be analysed. The ppv:s from a model without discontinuities
are included as reference (called BC).

Both the vertical and horizontal ppv:s are on the right side of the tunnel
lower than in the BC when the discontinuity is positioned below the tunnel.
On the left side only small deviations from those in the BC are observed,
except for the ppvh at a distance of 0 to 40 m showing values lower than that
of the BC. When the inclined discontinuity is positioned above the tunnel
the vertical and horizontal ppvs are more or less unaffected. The horizontal
and vertical ppvs are higher than those in the BC straight above the tunnel
while the ppvv is lower than in the BC at distances > 50 m on the left side.
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Figure 8: Normalised PPV on the ground surface for a discontinuity in-
clined 45◦ positioned below or above the tunnel.

One set of parallel discontinuities inclined 45◦

Figure 9 shows the vertical and horizontal ppv:s on the ground surface for a
rock mass cut by a single set of parallel discontinuities with an inclination
of 45◦ and a normal spacing being either 5, 10 or 20 m. As can be seen, the
vertical ppv:s are lower than in the BC at all distances and normal spacings,
except at 0 to 20 m from the tunnel on the left side where they are higher
than in the BC when the normal spacing is 20 m.

Although the vertical ppv:s are lower than in the BC abrupt changes in
the ppvv are observed producing local peaks and minimas on the right side.
The vertical ppv-curve is fairly smooth when the normal spacing is 5 m. By
increasing the normal spacing to 10 m abrupt ppvv changes generate local
peaks at approximately 35, 50, 60-65 and 75 m from the tunnel. Between
them local minimas are observed. A doubling of the normal spacing to 20 m
generates fewer local peaks. They now appear at 35, 50-60 and 75 m from
the tunnel. No peaks or minimas are observed on the left side for any of the
normal spacings modelled.

Also the horizontal ppv are lower than that in the BC, although the BC
levels are exceeded at several distances from the tunnel. Abrupt changes in
the ppvh are observed on the right side. For a normal spacing of 5 m the
ppv-curve is smooth. With a normal spacing of 10 m local peaks occur at
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Figure 9: Normalised PPV on the ground surface for a single set of dis-
continuities inclined 45◦ for different normal spacing.

30, 40, 65, 75, 80, 90 and 100 m from the tunnel. Increasing the normal
spacing to 20 m decreases the number of peaks to three; 40, 65 and 90 m
from the tunnel.

Two sets of parallel discontinuities

The vertical and horizontal ppv:s on the ground surface for a rock mass cut
by two sets of parallel discontinuities are shown in Figure 10. The two sets
have the same mechanical properties. Three different normal spacings were
studied; 5, 10 and 20 m. Due to the orientation of the two sets the model is
symmetric.

As seen in Figure 10 regardless of spacing and direction the ppv:s on the
ground surface are lower than those of the BC. For a normal spacing of 10
and 20 m abrupt changes generate local peaks and minimum ppvv on both
sides of the tunnel. For a normal spacing of 5 m no peaks are observed (i.e.
the curve is smooth). For a normal spacing of 10 m local ppvv peaks occur
at 35, 50, 65 and 75 m while for a normal spacing of 20 m local peaks occur
at 50 and 75 m. The horizontal ppv also seems to generate local peaks,
although they are much fewer: at 40 and 70 m for 10 m normal spacing and
at 70 m for 20 m normal spacing.
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Figure 10: Normalised PPV on the ground surface for a rock mass cut
by two set of discontinuities with varying spacing and inclinations 45◦ and
135◦, respectively.

4 Discussion

4.1 Continuous rock mass

The continuous analyses all show that overburden, damping ratio, Young’s
modulus and frequency of the applied load have a significant impact on the
vertical and horizontal ppv:s at the ground surface. For small overburdens
the vertical ppv is very high, even higher than the input ppvs. This sug-
gest that for small overburdens the roof is allowable to oscillates thereby
increasing the vertical ppv.

The horizontal distance between the tunnel and the position on the
ground surface where the vertical ppv reaches a minimum increased with
increasing overburden (Fig. 3). This conforms with the results presented by
Balastegui et al. (2008) who suggested that the minima (or shadow as they
call it) is produced by interaction of the wave and tunnel.

Both the vertical and horizontal ppv decreased at large distances from
the tunnel as the damping ratio increased. This is in agreement with the ob-
servations by Gardien and Stuit (2003) who modelled the impact of damping
on a volume of soil.

The impact of varying Young’s modulus is partly in agreement with the
results obtained by Gardien and Stuit (2003) for soil. They also observed
that an increase of Young’s modulus had a significant impact on the vibra-
tion velocities straight above the tunnel. They concluded that the impact
from Young’s modulus was most noticeable near the tunnel. This is not in
agreement with our results, which show that the impact from a variation in
Young’s modulus is fairly constant for all distances except near the tunnel
(0 to 30 m). However, they only used three points in the field; all close to
the tunnel (0 to 25 m).

Altering the frequency of the applied velocity had a significant impact on
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the ppv on the ground surface, especially in the vertical direction. Reducing
the frequency, thereby increasing the wave length, increased the ppv.

4.2 Discontinuous rock mass

A horizontal discontinuity positioned above or below the tunnel affects the
vertical and horizontal ppv:s on the ground surface (Fig. 7). Generally,
it can be stated that the ppv:s increased near the tunnel and decreased
at large distances. These results do not conform with those presented by
Eitzenberger et al. (2011) where the ppv on the ground surface increased
when the discontinuity was below the tunnel and decreased when the dis-
continuity was above the tunnel. The main difference in model configuration
is the overburden used; in Eitzenberger et al. (2011) 50 m and in this paper
10 m. Additional analyses with an overburden of 40 m was carried out and
the results verified their findings. This implies that it is not only the po-
sition of the horizontal discontinuity in relation to the tunnel but also the
overburden that determines the impact of the discontinuity on the ppv at
the ground surface.

A single discontinuity inclined 45◦ and positioned below the tunnel re-
duces the vertical and horizontal ppvs significantly on the right side while
having a relatively low impact on the left side and on both sides when po-
sitioned above the tunnel (Fig. 8). The inclined discontinuity positioned
below the tunnel seem to either prevent waves from reaching the right side
(reflections) or attenuate the amplitude thereby reducing the ppv:s at the
ground surface. When positioned above the tunnel the vertical ppv:s at
the ground surface on the left side are slightly reduced, implying that the
discontinuity prevents waves from propagating or atleast decreases their am-
plitudes.

Figure 9 and 10 show that a rock mass cut by one or two sets of parallel
discontinuities significantly decreases the vertical and horizontal ppv at the
ground surface. For a single set of inclined parallel discontinuities ppv peaks
are observed on the right side of the tunnel. Adding a second set of parallel
discontinuities does not alter the amplitudes significantly (compare Figures
9 and 10) but the abrupt changes between local peaks and minimas can now
also be observed on the left side of the tunnel. These peaks are observed for a
normal spacing of 10 m and 20 m and seems to occur near the position where
the discontinuities cuts the ground surface. For a normal spacing of 5 m no
peaks were observed. In this case the ground surface is cut by a discontinuity
every 7 m (5 m/ sin 45◦). Increasing the normal spacing to 10 m the number
of locations where the discontinuities cuts the ground surface are halved.
Peaks occur at 35, 50, 60-65 and 75 m whereas the ground surface is cut at
39, 53, 67, 82 m (every 10 m/ sin 45◦ = 14 m). For a normal spacing of 20 m
the number of locations where the ground surface is cut by a discontinuity is
halved again (every 20 m/ sin 45◦ = 28 m). For this case peaks are observed
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at 35, 50-60 and 75 m whereas the ground surface is cut at 25, 53, 82
m. By comparing these numbers one can conclude that the ppv maxima
occur a few metres before the discontinuity cuts the ground surface. This
implies that there is a correlation between the position of the peaks and the
position where the discontinuities intersects the ground surface. The reason
is the inclination of the discontinuity with respect to the direction of the
propagating wave. The angle between the ground surface and the inclined
discontinuity is 45◦ on the right side while it is 135◦ (45◦+90◦) on the left side
(as seen in Figure 2c). The relatively acute angle on the right side “traps”
the incoming wave between the discontinuity and the ground surface hence
creating local amplifications. The angle between the discontinuity and the
ground surface is 135◦ on the left side creating a blunt angle which does
not trap the incoming wave. Adding a second set of parallel 135◦ inclined
discontinuities creates a sharp angle between the ground surface and the
discontinuities on the left side and a blunt angle on the right side. Due to
the sharp angle now being present on both sides of the tunnel magnifications
occur near the point where the discontinuity intersects the ground surface
on both sides. The blunt angle does not trap the waves and the amplitudes
thereby remain similar for the single set and two set models.

A common method to account for the effect of discontinuities is to incor-
porated them in the elastic modulus of the rock mass. This can be done by
utilizing either the equivalent medium methods for regularly spaced discon-
tinuities (Goodman, 1989) or rock mass classification, e.g rock mass rating
(Bieniawski, 1989) and Equation (2). Either method result in a decreased
Young’s modulus and as seen in Figure 5 this leads to reduced ppv at the
ground surface. However, as shown in Figures 7-10 individual as well as
regularly spaced discontinuities influence the ppv on the ground surface in a
way that cannot be modelled by only decreasing the Young’s modulus. The
only exception is when the normal spacing is 5 m, then no abrupt changes
occur to the ppv at the ground surface (Figures 9 and 10) suggesting that for
such small spacing the equivalent modulus can be used. This implies that
for most cases individual discontinuities must be considered when modelling
wave prorogation through rock masses.

5 Conclusions

In this study numerical modelling has been utilized to study the impact of
continuous rock properties (e.g. damping, Young’s modulus), discontinuous
rock properties (position and orientation of discontinuity as well as normal
spacing between parallel discontinuities), overburden and frequency of the
applied load. Based on the results presented in this paper, the following
conclusions can be made:

• The overburden has a significant impact on the vertical and horizon-
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tal ppv:s at the ground surface. By decreasing the overburden the ppv
above the tunnel will increase significantly and at a very low overbur-
dens they are near or even higher than the input amplitude.

• The damping ratio has a significant impact on the vibration velocities
on the ground surface, especially at large distances. Near the tunnel
the impact is relatively low.

• Young’s modulus has a significant impact on the ppv on the ground
surface. An increase of the Young’s modulus result in higher velocities
at virtually all distances from the tunnel.

• At the ground surface there is a point where the vertical ppv:s reaches
a minimum. The horizontal distance from the tunnel to the position
where this occurs depend on the overburden and the frequency of the
applied load.

• A single discontinuity, either horizontal or inclined, positioned near a
tunnel will generate both increased and decreased ppv:s. The change
caused by the discontinuity depends on its position in relation to the
tunnel floor.

• A single set of inclined discontinuities cutting the rock mass decreases
the ppv:s on the ground surface significantly. They generate abrupt
changes of the ppv resulting in local peaks and minimas. The posi-
tions where these changes occur coincide with the positions where the
discontinuities cuts the ground surface. It is indicated that the dis-
continuity together with the ground surface traps the wave resulting
in increased ppv. The peaks and minimas are also present when the
rock is cut by two sets of discontinuities.

• The impact a single discontinuity or a set of parallel discontinuities
have on the ppv at the ground surface suggests that accounting for the
presence of discontinuities by reducing the Young’s modulus is only
plausible for short spacing whereas for large spacing it would not be
sufficient and individual discontinuities have to be considered when
modelling wave propagation through rock masses.
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Numerical simulation of wave attenuation across jointed rock mass  
 
Andreas Eitzenberger, Ping Zhang, Erling Nordlund 
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University of Technology, Sweden 
 
Abstract 
The effect of discontinuities on the wave propagation, especially the attenuation, has been 
studied in this paper by using the 2D distinct element code, UDEC. The objective of this 
paper was to (i) investigate the wave attenuation across jointed rock masses with focus on 
analysing the effect of joint set number, joint dip angle, joint spacing, and joint stiffness 
and (ii) to examine the conditions for which the rock mass can be treated as an equivalent 
continuum medium. The following conclusions can be drawn from the analyses: (a) the 
angle of incidence has a limited effect on the wave amplitude regardless of the number of 
joint sets for uniformly distributed joint sets. An increase of the number of joint sets 
decreases the wave amplitude. A rock mass with three or four uniformly distributed joint 
sets can thus be considered as isotropic with respect to wave propagation; (b) For non-
uniformly distributed joint sets, a decrease of the inter-set angle, makes the rock mass 
more anisotropic, and significantly increases the effect of the angle of incidence on the 
wave amplitude. The effect decreases with increasing number of joint sets; (c) Large 
number of parallel joints with small spacing in relation to the wave length may increase 
the wave amplitude due to interaction (superposition) between the discontinuities; (d) It 
appears that there is an interface wave that propagates parallel the joints increasing the 
wave transmission when the normal spacing is 5 and decreasing it when the spacing is 
20 m. 
 
1 Introduction 
Nearly parallel joints within a rock mass are often grouped together as a joint set. 
Commonly there are several joint sets and they might influence the mechanical behaviour 
of the rock mass (Hoek and Brown, 1980). The seismic velocity in, for example, weak 
rock, fractured zones and faults is often low compared to that in the surrounding rock 
mass. Therefore, the seismic velocity is used as one of the major indices to classify the 
rock mass condition. However, weathered and fractured rocks show high seismic 
attenuation compared to the surrounding rock mass. Seismic attenuation is more sensitive 
than seismic velocity to the variation of the physical properties of the rock mass caused 
by the existence of discontinuities (Kaneko et al., 1979). Furthermore, the damage 
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criteria for rock masses under dynamic loading are generally governed by thresholds 
based on the wave amplitude, such as the peak displacement, the peak particle velocity 
and the peak acceleration. Therefore, the prediction of wave attenuation in jointed rock 
masses is important in order to assess the stability and damage of underground rock 
constructions subjected to dynamic loads. This prediction is however complicated by the 
blockiness caused by the presence of joints (Ma et al., 2012). 
 
Theoretical and experimental studies of the propagation of elastic waves across joints 
have been carried out by among others Schoenberg (1980); Pyrak-Nolte et al., (1990); 
Watanabe et al., (1996); Zhao et al., (1999). The advantages and limitations of theoretical 
studies of wave propagation in jointed rock masses can be found in a recently published 
article (Ma et al., 2012). Compared with analytical and experimental studies, numerical 
modelling provides a convenient and economically beneficial approach to study wave 
propagation through jointed rock masses, especially for complicated cases where 
theoretical solutions cannot be obtained or experiments are difficult to conduct, such as 
wave propagation in a rock mass containing several intersecting joint sets (Zhao et al., 
1999). 
 
Continuum-based numerical methods have successfully been used to solve dynamic 
problems and at times been used for discontinuous problems containing just a few joints. 
They are not suitable for problems with multiple joints, especially when the joint spacing 
is small. For discrete element methods (DEM), a rock joint is represented as a contact 
between two adjacent blocks. The contact forces and displacements at the interfaces 
(joints) of the assembled blocks are found through a series of calculations, which trace 
the movements and deformations of the blocks. Therefore, the discrete element method 
has been widely used in studying wave propagation across multiple discontinuities. 
 
Cai and Zhao (2000) verified the capability of UDEC to model the effect of multiple 
parallel planar fractures on the apparent attenuation of 1D elastic waves (normal 
incidence), with focus on the effect of stiffness, spacing and number of parallel fractures. 
Zhao et al. (2008) later improved the 1D UDEC model by considering the nonlinear 
deformation behaviour of fractures. Lei et al. (2007) stated that for practical use dynamic 
problems should be treated as a 2D problem. They studied the propagation of 2D 
compressive waves in a rock mass containing one joint set using UDEC. However, these 
papers only covered waves propagating perpendicular to the joints. Deng et al. (2012) 



 3

used 3DEC to model wave propagation in a jointed rock mass. Again, only one joint set 
with different incident angles was investigated. 
 
The effect of joint sets on the wave propagation, especially the attenuation, is still 
unclear. Furthermore, it is common that the rock mass is treated as an equivalent 
continuum medium in dynamic analysis. However, there is lack of knowledge regarding 
when a rock mass can be treated as continuum and how to determine the rock mass 
behaviour under dynamic conditions. Therefore, the objective of this paper is to use the 
distinct element method (i.e. the Universal Distinct Element Code, UDEC) to (i) 
investigate the wave attenuation across jointed rock masses with focus on analysing the 
effect of joint set number, joint dip angle, joint spacing, and joint stiffness, (ii) to 
examine whether the rock mass can be treated as a equivalent continuum medium or not. 
 
2 Model set-up 
To study the propagation of waves through discontinuous rock numerical analyses were 
conducted using the Universal Distinct Element Code (UDEC), which is a 2D numerical 
software based on the distinct element method (DEM) for discontinuum modelling 
(Itasca, 2004). UDEC is able to simulate the response of discontinuous media (e.g. a rock 
mass) subjected to either static or dynamic load. 
 
The model used was 500 m wide and 250 m high (as shown in Figure 1). A region 
containing various set-ups of discontinuities (see Table D2) was defined in the model. 
The region is located 50 m from bottom of the model and is 90 m high and has the same 
width as the model. The rest of the model consists of a linear elastic and homogeneous 
material free of discontinuities. Neither stresses nor gravity were applied to the model. 
The material damping was set to zero. 
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Figure 1. Model geometry (not to scale). 
 
A uniformly distributed vertical velocity was applied to the lower boundary. The applied 
velocity is a half period of a sinusoidal wave with the amplitude 0.1 m/s. The vertical and 
horizontal peak particle velocity (PPV) was monitored along the lower boundary of the 
model and 10 m above the discontinuous region, along a 200 m long line symmetrically 
positioned with respect to a vertical centre line, see Figure 1. At each monitoring point 
the maximum and minimum (most negative) vibration velocity was recorded. The largest 
absolute value was determined as the vibration velocity (PPV) at the monitoring point of 
interest. In this paper only the recorded vertical PPV normalised with respect to the 
applied particle velocity and denoted ppv is presented and discussed.  
 
According to Lysmer and Kuhlemeyer (1969), the accuracy of wave propagation in 
numerical models (e.g. UDEC) depends on the relation between wave velocity (c = cP or 
cS), frequency (f) and the spatial element size (Δl) and must satisfy Δl = c/(8 to 10)f. With 
the properties of the S-wave velocity together with the frequency used in the analyses 
(both from Table 1) an element length of about 2.5 m is required, however, to be certain 
en element length of 1 m was chosen.  
 
In the model, the seismic input is represented by a plane wave propagating upward 
through the material towards the ground surface. To prevent influence from wave 
reflections at the vertical boundaries of the numerical model free-field boundaries were 
applied. They consist of a 1D column simulating the behavior of an extended medium. 

Monitoring points 

Monitoring points 
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This forces the boundaries to retain their non-reflecting properties, i.e. properly absorbing 
outward propagating waves, since the free-field boundaries create conditions that are 
identical to those in an infinite model (Itasca, 2004). Wave reflections at the horizontal 
model boundaries were minimized by applying quiet (viscous) boundary conditions.  
 
2.1 Discontinuous region 
The discontinuous region consists of one to four sets of discontinuities with a normal 
spacing of either 5 m or 20 m and where the orientation of the sets are rotated with 
respect to the orientation of the incident wave (Figure 2 and Tables 1-3). The inter-set 
angle, ϕ, i.e. the angle between each set is constant in each model. However, four 
different values of the inter-set angle have been used in this study, i.e., 30°, 45°, 60° and 
90°. The orientations of the joint sets (depending on the number of sets modelled) are 
then: 
 

One joint set:  α 
Two joint sets:  α → α + ϕ 
Three joint sets: α → α + ϕ → α + 2ϕ 
Four joint sets: α → α + ϕ → α + 2ϕ → α + 3ϕ 

 
where α is the angle of incidence with respect to Set 1. For example, if the orientation of 
the first set with respect to the incident wave (i.e. α) is 30° and the inter-set angle ϕ is 
45°, ,the orientation of the two joint sets are 30° and 75° (30°+45°), respectively, and 
would be labelled 30-75.  
 
In all groups of discontinuous models the orientation of the first set starts at 0° (i.e. 
perpendicular to the incident wave) for the first model in each group. It is then rotated by 
15° increments between each subsequent model until the orientations of the sets coincide 
with an orientation already modelled. The orientation when this occurs depends on the 
inter-set angle (ϕ). The greater the inter-set angle, the fewer model runs are required 
before the orientation coincides (as seen in Tables 1-3). 
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Figure 2. The orientation of the joint sets with respect to the incident wave. 
 
One single joint set 
For this group of models only a single joint set (Set 1) is present within the discontinuous 
region. This case comprises 7 models with orientation,α, in the interval 0° - 90° with an 
increment of 15°.  
 
Two joint sets 
For two sets of discontinuities (Set 1 and 2), four different inter-set angles (ϕ) were 
modelled; 30°, 45°, 60° and 90°, respectively. The orientation of Set 1 (α) and Set 2 (β) 
for each of the four inter-set angles are presented in Table 2. 
 
Table 2. The orientation of each joint set for the two joint set models. 

ϕ = 30° ϕ = 45° ϕ = 60° ϕ = 90° 
α β α β α β α β 
0 30 0 45 0 60 0 90 
15 45 15 60 15 75 15 105 
30 60 30 75 30 90 30 120 
45 75 45 90 45 105 45 135 
60 90 60 105 60 120 60 150 
75 105 75 120 75 135 75 165 
90 120 90 135 90 150 90 180 

 
Three joint sets 
With three joint sets (Set 1, 2 and 3), three different inter-set angles (ϕ) were modelled; 
30°, 45° and 60°, respectively. Table 3 shows the orientation for set 1 (α), set 2 (β) and 
set 3 (θ ) for each of the three inter-set angles. 

α 

β 
θ ϕ 

ϕ 
ϕ 

φ 
Set 1 

Set 2 

Set 3 Set 4 

Incident wave 
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Table 3. The orientation of each joint set for the three joint set models. 

ϕ = 30° ϕ = 45° ϕ = 60° 
α β θ α β θ α β θ 
0 30 60 0 45 90 0 60 120 
15 45 75 15 60 105 15 75 135 
30 60 90 30 75 120 30 90 150 
45 75 105 45 90 135 45 105 165 
60 90 120 60 105 150 60 120 180 
75 105 135 75 120 165 75 135 195 
90 120 150 90 135 180 90 150 210 

 
Four sets of parallel discontinuities 
Two inter-set angles (ϕ); 30° and 45°, were used in his case, where each set had the 
orientations, α, for set 1, β for set 2, θ  for set 3 and φ for set 4, as shown in Table 4.  
 
Table 4. The orientation of each joint set for the four joint set models. 

ϕ = 30° ϕ = 45° 
α β θ φ α β θ φ 
0 30 60 90 0 45 90 135 
15 45 75 105 15 60 105 150 
30 60 90 120 30 75 120 165 
45 75 105 135 45 90 135 180 
60 90 120 150 60 105 150 195 
75 105 135 165 75 120 165 210 
90 120 150 180 90 135 180 225 

 
Normal and shear stiffness 
The normal and shear stiffness (kn and ks) of a discontinuity are known to have a 
significant effect on the propagation of waves in discontinuous rock masses (e.g. ; Pyrak-
Nolte et al., 1990; Chen and Zhao, 1998). However, due to difficulties to determine the 
large-scale discontinuity stiffness, there is a lack of relevant data. For simplicity it is 
common to assume that the normal and shear stiffness are the same and with values in the 
range of 1 to 100 GPa/m. In this study the normal and shear stiffness were assigned the 
value 10 GPa/m for most of the models. A few models were run with stiffness values in 
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the range 1 to 100 GPa/m in order to study the effect of discontinuity stiffness on the 
wave propagation.  
 
Properties 
The rock material and discontinuity properties used in the UDEC models are shown in 
Table 5.  
 
Table 5. Model properties used for the rock and discontinuities. 
Property Value 
Density, ρ [kg/m3] 2800 
Young’s modulus, E [GPa] 70 
Poisson’s ratio, ν [-] 0.27 
P-wave velocity, cP [m/s]  5590* 
S-wave velocity, cS [m/s]  3140* 
Frequency 125 
Friction angle, φj [°]  30 
Cohesion, cj [MPa]  1⋅1020 
Tensile strength, τtj [MPa]  1⋅1020 
Normal stiffness, kn [GPa/m] 10 
Shear stiffness, ks [GPa/m] 10 
Normal spacing, S [m] 5, 20 
* Derived by the code using Young’s modulus and Poison’s ratio. 
 
3 Numerical results 
 
3.1 Uniformly distributed joint sets  
When the angle between each joint set, the inter-set angle, in a model is equal, the joints 
are considered to be uniformly distributed (i.e. inter-set angle = 180°/number of sets). 
This occurs for the models with (i) two joint sets when the sets are perpendicular to each 
other (i.e. 90°), (ii) three joint sets with 60° relative orientation and (iii) four joint sets 
when the angle between each set is 45°. These three groups of models were compared 
with the model containing only a single joint set). Figure 3 shows ppv of the waves after 
they have propagated through the discontinuous region.  
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Figure 3. The vertical ppv for the uniformly distributed joint sets.  
 
Singe joint set  
Figure 3 shows that for a single joint set ppv increases as the angle of incidence increases; 
from 0.68 at 0° to 1.0 at 90° for 5 m normal spacing and from 0.61 at 0° to 0.92 at 90° for 
20 m normal spacing. When the orientation of the set is 75° and 90° ppv is 1.02 and 1.04, 
respectively (greater than unity) when the normal spacing is 5 m. 
 
Two joint sets 
The models with two joints sets with a normal spacing of 5 m oriented perpendicular to 
each other (i.e. ϕ = 90°) result in a ppv-value of 0.66 at 0°, which is nearly identical to 
that of a singe joint set, at least for angles ≤ 30° (Figure 3). For the 20 m spacing the ppv 
is 0.52 at 0°, which is lower than for a single joint set. As the angle of incidence increases 
above 30° the ppv reaches a peak of 0.72 for 5 m spacing and 0.59 for 20 m spacing at 
45°. If the angle of incidence is further increased, ppv slowly decreases to the same ppv-
valueas at 0°, indicating that the orientations of the joint sets coincide with already 
modelled orientations. The difference between the maximum and minimum ppv–values is 
about 0.06 (i.e. 6 %) for 5 m spacing and 0.03 (i.e. 3 %) for 20 m spacing.  
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Three joint sets 
For three joint sets with an inter-set angle of 60° ppv is lower than for the single and two 
set models (Figure 3). For a normal spacing of 5 m ppv is 0.65 at 0°, which is a peak and 
0.61 at 30°, which is a minimum. With a normal spacing of 20 m ppv is 0.54 at 0° and 
0.52 at 30°. Another peak and minimum occur at 60° and 90°, respectively, for both 5 m 
and 20 m models, indicating that the orientations of the joints coincide with already 
modelled orientations. The difference between the maximum and minimum ppv-values is 
about 0.04 (i.e. 4 %) for 5 m spacing and 0.02 (i.e. 2 %) for 20 m spacing. 
 
Four joint sets 
For four joint sets, with an inter-set angle of 45°, the amplitude decreases further 
compared to the three previous cases (as seen in Figure 3). Even though the model is 
rotated by 15° increments the amplitude is more or less the same for all orientations. The 
difference between maximum and minimum amplitude is less than 0.02 for both 5 m and 
20 m normal spacing. 
 
Figure 3 shows that ppv is higher for a normal spacing within a joint set of 5 m than for 
the corresponding joint set with the spacing 20 m. Another observation is that the 
difference between the maximum and minimum ppv-values recorded at the history points 
(i.e. the error bars in Figure 3) is much greater for a normal joint spacing within a set of 
20 m than that for 5 m. Furthermore, ppv decreases with increasing number of joint sets 
for both 5 m and 20 m spacing.  
 
3.2 Non-uniformly distributed joint sets 
Decreasing the inter-set angle ϕ will narrow the orientations in which the joint sets are 
distributed. This in turn generates an angle between two sets that is greater than the inter-
set angle, thus making the joint sets non-uniformly distributed (Figure 4). For example, if 
the inter-set angle is 30° for a three joints sets model, the maximum angle between sets 
will then be 120° (i.e. 180° – 30° – 30° = 120°). 
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Figure 4.  (a) non-uniformly and (b) uniformly distributed joint sets. 
 
Two joint sets 
ppv as a function of angle of incidence for two joint sets with four different inter-set 
angles,ϕ, is shown in Figure 5. Decreasing the inter-set angle, ϕ, between the two sets 
from 90° to 30° increased the difference between the maximum and minimum ppv-values 
for each inter-set angle, i.e., makes ppv highly dependent on the angle of incidence. 
When the inter-set angle, ϕ, is 90° the difference between minimum and maximum ppv-
values is about 0.06 (6%) for 5 m spacing and 0.03 (3%) for 20 m spacing, as described 
earlier in Section 3.1. A decrease of the inter-set angle increases the difference between 
the minimum and maximum ppv-values; for ϕ = 60° it has increased to 0.23 (23%) for 5 
m and 0.31 (31%) for 20 m spacing, for ϕ = 45° it has increased to 0.35 (35 %) for 5 m 
and 023 (23%) for 20 m spacing, and for ϕ = 30° it has increase to 0.46 (46 %) for 5 m 
and 0.31 (31%) for 20 m spacing.  

(a)      (b) 
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Figure 5.  The ppv as a function of the angle of incidence and inter-set angle for the 

two joint set models. 
 
Three joint sets 
A similar behaviour is observed when the discontinuous region contains three joint sets; a 
decrease of the inter-set angle from 60° to 30° increases the effect of the angle of 
incidence on ppv, as seen in Figure 5. The decrease of the inter-set angle from 60° to 45° 
results in a minor change in minimum and maximum values; 0.04 (4 %) for 5 m and 0.02 
(2%) for 20 m spacing with ϕ = 60° and 0.1 (10%) for 5 m and 0.06 (6%) for 20 m 
spacing at ϕ = 45°. However, for the inter-set angle 30°, ppv becomes highly dependent 
on the angle of incidence with a difference between minimum and maximum values of 
0.34 mm/s (34%) for 5 m and 0.21 (21%) for 20 m spacing.  
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Figure 6.  The ppv as a function of the angle of incidence and inter-set angle for the 

three joint set models. 
 
Four joint sets 
ppv as a function of angle of incidence for four joint sets with two different inter-set 
angles, ϕ, is shown in Figure 7. With four joint sets uniformly distributed (i.e. ϕ = 45°) 
the effect of the angle of incidence on ppv is small (the difference is less than 0.02 (2%) 
for both 5 m and 20 m spacing). A decrease of the inter-set angles to 30° increases the 
effect of the angle of incidence; the difference between the maximum and minimum pp –
values increase to 0.15 (15%) for 5 m and 0.09 (9%) for 20 m spacing. The peak occurs 
for an incident angle of 45°, which occur when the four joint sets are oriented sub-vertical 
and symmetrically distributed with respect to the vertical centre line.  
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Figure 7.  The ppv as a function of the angle of incidence and inter-set angle for the 

four joint set models. 
 
For the non-uniformly distributed joint set models ppv is higher when the normal spacing 
is 5 m than when it is 20 m (which was observed for the uniformly distributed model as 
well). Also, the difference between the maximum and minimum ppv–values recorded at 
the history points (i.e. the error bars in Figure 5-7) is greater when the normal joint 
spacing is 20 m than when it is 5 m for the non-uniformly distributed joint set models. 
 
Damping 
A few models where the discontinuities were replaced with material damping were run as 
well. The damping ranged from 2 to 5 % (the default damping was set to zero). ppv of the 
waves that had propagated though 90 m (i.e. equal to the length of the discontinuous 
zone) of isotropic, elastic and homogeneous rock mass decreased by about 0.20 for 2 % 
and 0.30 for 5 %.  
 
Joint stiffness 
The joint stiffness was varied using the following values 1, 5, 10 (default), 50 and 100 
GPa/m a model where the rock mass contained four uniformly distributed joint sets, with 
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the inter-set angle 45° and the orientations of the joint sets were 0-45-90-135. High 
stiffness values (i.e. 50 and 100 GPa/m) result in a small or no effect of the 
discontinuities on the wave propagation through the rock mass, as seen in Figure 8. Very 
low stiffness values (1 GPa/m) result in a complete attenuation of the waves. For a joint 
stiffness of 5 or 10 GPa/m the attenuation is moderate (27 and 55 % respectively). 
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Figure 8. The vertical ppv as a function of the joint stiffness.  
 
4 Discussion 
 
4.1  Effect of incidence angle 
 
Single joint set 
The waves propagating perpendicular to the joint set are subjected to the greatest 
amplitude decrease (or attenuation), as shown in Figure 3. With increasing angle of 
incidence, α, the transmitted vertical ppv increases and reaches a maximum at 90°, i.e. 
the waves propagating parallel to the joint set are affected the least (the ppv-value is even 
somewhat higher than the input for 5 m spacing). This behaviour is different from that 
presented by Pyrak-Nolte et al (1990). They studied the effect of a single fracture on the 
propagation of plane waves. In their theoretical model the fracture is represented by a 
displacement discontinuity at the boundary between two elastic half spaces. It is assumed 
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that the stress across the displacement discontinuity is continuous. The transmission 
coefficient for a P-wave propagating across one fracture based on their model is plotted 
in Figure 9. 
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Figure 9. Transmission coefficient of P-wave across a single fracture as a function 

the angle of incidence. 
 
By comparing Figure 9 with Figure 3, it can be observed that the greatest difference 
occurs when the incident angle is 90°. Pyrak-Nolte’s model considers two half-spaces 
with a discontinuity in between. The wave is assumed to propagate from the first to the 
second half-space crossing the discontinuity. The results from their study show that the 
transmission coefficient is more or less unaffected by the angle of incidence in the range 
0° - 80°. If the incident angle is 90°, however, no transmission to the second half-space 
occurs. In the numerical model analysed in this paper, the angle of incidence has 
significant effect on the wave transmission (as shown in Figure 3). The main reason is 
that the fractures in the numerical model are located in a limited region and the waves 
have to propagate across a different number of fractures when the angle of incidence 
changes. If the incident angle increases the waves have fewer fractures to propagate 
across and the transmission coefficient therefore increases continuously with the 
increasing angle of incidence. For the special case α = 90°, the waves are generated on 
both sides of all discontinuities. This may be one explanation to the difference between 
the analytical and the numerical models.  
 
Two joint sets 
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ppv for the uniformly distributed two joint set model is nearly equal to that of a single 
joint set for small angles of incidence (i.e. α ≤ 30°). At theses angles Set 1 has the same 
orientation (α) as that of the single joint set, whereas Set 2 (β) is perpendicular to Set 1. 
For the single joint set model the attenuation is large when the joint set is perpendicular 
to (i.e. at low angles) and small (or negligible) when parallel (i.e. at high angles) to the 
propagation direction (as seen in Figure 3). It can therefore be assumed that the 
contribution to wave attenuation from Set 2 is low (or nearly negligible) for large angles 
(i.e. β ≈ 90°) of the set when the inter-set angle is 90°. From Figure 10 it is evident that 
this is also true for the other two joint set models since for each of them ppv is equal to 
the single set model when the angle of the second set (β) is 90°. As an example, ppv for 
joint set 30-90 (ϕ = 60°) is equal to that of a single set when the angle of incidence (α) is 
30° (and β = 90°). For 45-90 this occurs at 45° and for 60-90 it occurs at 60°. This 
confirms that the contribution to attenuation from the joint set oriented parallel to the 
propagation direction of the wave is very low.  
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Figure 10. Comparison of ppv for single and two joint set models.  
 
In addition, the maximum vertical ppv always occurs when the angles of the joint sets are 
symmetrical to the vertical axis for a two-joint set model. This occurs when the 
orientation of Set 1 is 90°-ϕ/2 and Set 2 is 90°+ϕ/2. As an example, the maximum ppv 
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for joint set 30-90 (ϕ = 60°) occurs when the orientation of Set 1 (α) is 60° and 120° for 
Set 2 (β), as can be seen in Figure 10. 
 
4.2 Effect of joint set number 
From Figure 3 it can be determined that increasing the number of joint sets from one to 
four (the uniformly distributed models) results in (i) an overall decrease of ppv, (ii) 
decreased difference between minimum and maximum ppv and (iii) decreased 
dependence of ppv on the angle of incidence. This suggests that with increasing number 
of joint sets the anisotropic behaviour of the rock mass decreases. This is a similar effect 
of uniformly distributed joint sets as that observed by Hoek and Brown (1980) for the 
rock mass strength.  
 
4.3  Effect of joint set pattern 
Uniformly distributed 
ppv for the uniformly distributed joint sets seems to be virtually independent of the angle 
of incidence since the difference between minimum and maximum ppv is low (< 0.06) for 
all three models (two, three and four joints sets with maximum inter-set angles) 
regardless of the normal spacing. This is a clear indication that if the orientation of (two, 
three or four) joint sets in a rock mass can be categorized as uniformly distributed their 
orientation with respect to the direction of the waves can be neglected. It also suggests 
that the rock mass can be treated as an equivalent material, with reduced properties.  
 
Non-uniformly distributed 
With non-uniformly distributed joint sets the impact of the orientation of the joint sets 
with respect to the angle if incidence is evident. The effect increases with decreasing 
inter-set angles. Rotating the two sets from 0° to 75° by 15° increments the orientations 
of the two sets eventually repeat them selves. This occurs when the first set has rotated to 
45° which is indicated by the maximum peak occurring at 45° in Figure 3. Continuing the 
rotation will only generate the same ppv-value as before 45°, which can also be seen in 
Figure 3 since the ppv above 45° is a reflection of the first 45°.  
 
For all models it appears that the maximum vertical ppv-value always occurs when the 
angles of the joint sets are symmetrical with respect to the vertical axis, in this case when 
the orientation of the joint sets are as vertical as possible. The orientation of the joints in 
each set when this occurs together with the inter-set angles is: 
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1 Jset – 90° 
2 Jsets – ϕ = 30°: 75-105, ϕ = 45°: between 60-105 and 75-120, ϕ = 60°: 60-120, 90: 45-
135. 
3 Jsets – ϕ = 30°: 60-90-120, ϕ = 45°: 45-90-135, ϕ = 60°: 0-60-120 or 60-120-180 
4 Jsets – ϕ = 30°: 45-75-105-135. ϕ = 45°: none 
 
As seen for the single joint set, joints oriented parallel to the direction of the propagation 
direction of the wave has low impact on ppv. Therefore, the closer the orientations of the 
joint sets are to 90°, the higher will the ppv-values be. 
 
4.4 Effect of inter-set angle 
The inter-set angle is at its maximum for each of the uniformly distributed models. 
Decreasing this angle (i.e. ϕ → 30°) narrows the distribution of the joint sets making the 
model non-uniformly distributed with respect to joint set orientation (as previously 
explained). As the inter-set angle decreases the dependence of ppv on the angle of 
incidence increases (as seen in Figure 5-7), i.e. the rock behaves more anisotropic. The 
dependence on angle of incidence and the anisotropic behaviour decreases with 
increasing number of joint sets.  
 
4.5 The effect of joint spacing 
Zhao et al. (2006) studied the wave propagating across multiple parallel joints and 
concluded that when the ratio between fracture spacing and wavelength (i.e. the non-
dimensional fracture spacing ξ ) is large each discontinuity contributes individually to the 
wave attenuation, whereas when the wave lengths is close to the normal spacing the 
waves begin to interact increasing the transmission across the joints. In Figure 3 it can be 
seen that the monitored ppv after the discontinuous region (after crossing the 
discontinuities) is greater for a spacing of 5 m than that of 20 m when the waves 
propagate perpendicular to the singe joint set (α = 0°). The waves have then travelled 
across 17 joints if the spacing is 5 m and 4 joints if the spacing is 20 m. In the model the 
wave frequency is 125 Hz while the P-wave velocity is 5590 m/s, which gives a 
wavelength of about 45 m (44.7m). The non-dimensional fracture spacing ξ is then 1/9 
for 5 m normal spacing, which is the transition area were the waves interact and 4/9 for 
20 m normal spacing, which is the individual fracture area where the joints do not 
interact. This means that when the spacing is 5 m the joints induce wave interaction 
which increases the transmission due to wave superposition (of reflections and 
transmissions) despite the much greater number of joints to propagate across whereas for 
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20 m spacing the joints contributes individually to the wave attenuation (i.e. no 
superposition occurs). 
 
This interaction seems to take place even for other orientations than normal incidence, 
since ppv is always higher for both uniformly and non-uniformly distributed joint sets 
when the normal spacing is 5 m than when it is 20 m regardless of model and orientation.  
 
It is also interesting to note that the amplitude is higher with 5 m spacing (1.04 mm/s) 
compared to 20 m spacing (0.92 mm/s) when there is only a single joint set and the waves 
propagate parallel (α = 90°) to the joints (Figure 3), especially since the waves could 
propagate through the intact rock material in both cases. It is well known that elastic 
interface waves include Rayleigh waves at free surfaces, Love waves in surface layers 
and Stoneley waves at welded interfaces between media with different acoustic 
impedance. However, there is a class of elastic interface waves which propagate along 
the discontinuity represented by a fracture in a solid. It was theoretically and 
experimentally predicted by Pyrak-Nolte et al. (1987, 1992). These “fracture” waves 
propagate along a welded interface and are elastic, dispersive, and exist when the 
material properties on either side of the fracture are identical. According to Gu et al. 
(1996) this interface wave will appear if  
 

)1(25.0 ν
ω

−>
z
ks         (1) 

 
where ks is the shear stiffness, ω is the angular frequency (i.e. 2πf), z is the impedance of 
the two half spaces. Using the properties in Table 1 it is clear that Equation (1) is 
satisfied, which means that there are likely interface waves propagating along the joints.  
 
Additional models were analysed to study how frequency and joint stiffness affected ppv. 
The results are presented in Table 5. The sensitivity of ppv to variations in frequency and 
joint stiffness is in the range of ± 10% with respect to the base case for 20 m joint 
spacing, whereas it almost negligible (maximum 4%) for 5 m joint spacing. Increasing 
the joint stiffness and decreasing the frequency increases ppv when the spacing is 20 m to 
levels similar to those observed for 5 m spacing.  
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Table 5. ppv for the single joint set with varied properties.  
Spacing 5 m Spacing 20 m k  

[GPa/m] 
f [Hz] 

ppv ppv/ppv0-5m ppv ppv/ppv0-20m 
10* 125* 1.04** 1.00 0.927*** 1.00 
10 50 0.998 0.96 1.02 1.10 
50 125 1.02 0.98 0.984 1.06 
5 125 1.03 0.99 0.837 0.90 

* Base case values 
** ppv0-5m 
*** ppv0-20m 

 
4.7  Equivalent continuum method 
Conventional approaches for seismic characterization of jointed rock masses typically 
utilize zero-frequency effective medium theories. The overall stiffness of the jointed rock 
mass is captured through reducing the elastic modulus. Reducing the properties of the 
jointed rock mass to its static effective properties result in reduced P- and S-wave 
velocities. However, since this approach is inherently a static (i.e. zero-frequency) 
approximation, it does not include frequency-dependent amplitude and velocity variations 
with respect to orientation due to reflection losses across joints and wave channelling 
along fractures. 
 
Damping vs material attenuation 
The discontinuities attenuate the waves (decreases ppv) with up to 44 % (four joint sets 
with an internal angle of 45°) while the commonly used material damping values, e.g. 2 
and 5 %, reduce the amplitude with about 20 and 30 %, respectively. Thus, using a 
damping value that may be considered as extremely high, (5% is commonly the largest 
recommended value) do not attenuate the waves to the same degree as discontinuities do. 
This is a clear indication that a damping coefficient approach does not represent the 
attenuation caused by the discontinuities. Individual discontinuities have to be considered 
in such analyses.  
 
Joint stiffness vs material attenuation 
The joint stiffness (ranging from 1-100 GPa/m) has a significant impact on the 
propagation of waves in discontinuous rock masses (as shown in Figure 8). This is in 
agreement with the model used by Pyrak-Nolte et al. (1990) where increasing joint 
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stiffness (k → ∞) creates a discontinuity that acts like a cross-section in a continuous 
material where all energy is transmitted across the interface whereas decreasing the 
stiffness to zero creates a discontinuity that acts as a free surface reflecting everything.  
 
Velocity of jointed rock 
The propagation velocity of the p-wave in the linear, homogeneous and isotropic rock 
material is 5590 m/s, based on the properties used in the models. With several joint sets 
present within the discontinuous region the velocity will decrease. Since the moment at 
which the maximum ppv-values occur is recoded at each history points the velocity of the 
P-wave propagating through the jointed rock can be estimated. Figure 11 shows the 
velocity for four joint sets with an inter-set angle of 30° as a function of the angle of the 
incident wave. The shape of the curve, i.e. minimum at 0° and 90° and maximum at 45°, 
is the same as for ppv in Figure 6. It can also be seen that the velocity when the normal 
spacing is 20 m is about 1200 m/s faster than that for 5 m spacing. This could, at a first 
glance, be considered as surprising, since ppv (i.e. amplitude) is higher for the 5 m 
spacing than for the 20 m spacing as shown in Figure 7. The explanation is probably that 
interaction occurs between the joints for low wavelengths - joint spacing ratios (i.e, 5 m 
spacing) (Zhao et al. 2006) while for 20 m spacing each joint contributes individually to 
the wave attenuation, as discussed earlier.  
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Figure 11. The p-wave velocity in the discontinuous region containing four joint sets. 
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Conclusions 
In this study numerical modelling has been utilized to investigate the wave attenuation 
across a jointed rock mass. The aim was to determine the effect of joint set number, joint 
dip angle, joint spacing and joint stiffness on wave propagation. The following 
conclusions can be drawn based on the results presented in this paper: 
 

• For uniformly distributed joint sets the angle of incidence has a low impact on the 
wave amplitude regardless of the number of joint sets while increasing the number of 
joint sets decreases the wave amplitude. A rock mass with three or four uniformly 
distributed joint sets can thus be considered as isotropic with respect to wave 
propagation. 

 
• For non-uniformly distributed joint sets, a decrease of the inter-set angle, making the 

rock mass more anisotropic, significantly increases the effect of the angle of 
incidence on the wave amplitude. The effect decreases with increasing number of 
joint sets. 

 
• With four joints sets the velocity of the propagating waves are significantly reduced.  

 
• Large number of parallel joints with small spacing in relation to the wave length may 

increase the wave amplitude due to interaction (superposition) between the 
discontinuities. 

 
• It appears that there is an interface wave that propagates parallel the joints increasing 

the wave transmission when the normal spacing is 5 and decreasing it when the 
spacing is 20 m.  
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ABSTRACT 
Trains moving along an underground railway excite vibrations in the rail and the underlying 
track structure. These vibrations radiate into the surrounding ground, i.e. rock and soil, as 
ground-borne vibrations. It is common to divide the generation and propagation of train-
induced vibrations into three parts. This paper has focused on the propagation path - rock and 
soil. During the propagation from source to receiver the waves will be attenuated, but 
amplification may also occur. The results presented in this paper based on numerical analyses 
show that zones or thick discontinuities can result in channelling of waves resulting in higher 
vertical particle velocities at the ground surface where the zone daylights and can act as a 
wave trap or filter. Further conclusions are (i) the geometry of the problem provides closely 
located free surfaces (ground surface and tunnel surface) and the large-scale discontinuities 
that result in complex wave reflections and transmissions, (ii) empirical methods are not 
suitable for predictions of ground-borne vibrations, especially not when the overburden is 
small, (iii) numerical analyses have to be carried out in order to analyse the performance of 
the system comprising the tunnel, the rock mass and the ground surface, (iv) large-scale 
discontinuities have a great impact on the vibration levels on the ground surface, (v) analyses 
based on the assumption of equivalent rock mass properties in the whole rock mass are not 
suitable for rock masses with large-scale discontinuities or sharp changes in rock properties, 
(vi) the large-scale discontinuities have to be found in order to account for them in the 
analyses and parameter studies have to be performed in order to analyse the sensitivity of the 
model to changes in the rock mass properties. 
 
 
INTRODUCTION 
Trains moving along an underground railway excite vibrations in the rail and the underlying 
track structure. These vibrations radiate into the surrounding ground, i.e. rock and soil, as 
ground-borne vibrations. The propagation path of the vibration depends on the composition of 
the ground, as shown in Figure 1. The composition of the ground also affects the amplitude 
and velocity of the propagating vibration. Once the vibrations reach a building they can either 
be felt by residents as whole body vibrations, or heard as low-frequency rumble, i.e. ground-
borne noise. Vibrations can also cause structural (cosmetic) damage or disturb sensitive 
equipment. The transmission of vibrations from the moving train into the surrounding ground 
and onward to nearby buildings is complex and depends on several factors. It is therefore 
common to divide the generation and propagation of train-induced vibrations into three parts 
or stages: (i) the source, (ii) the propagation path and (iii) the receiver. Melke (1988) defined 
the source as the train and track, the path as the tunnel (construction) and ground 
(transmission path), and the receiver as the building. Since residents live in the building they 
also have to be treated as receivers. During the propagation from source to receiver the waves 
will be attenuated in various ways, but amplification may also occur. The attenuation (and 
amplification) is therefore of great interest when dealing with train-induced vibrations and its 
effects on the surroundings (humans or buildings).  



 
Figure 1 Different propagation paths for train-induced vibrations  
 (Modified after Remington et al., 1987). 
 
The studies of train-induced vibrations to date have been focused on the interaction of wheels, 
rail, sleeper and ballast (e.g. Zhai et al., 1997; Kaewunruen et al., 2006; Wu et al., 2006; 
Baeza et al., 2006; Mazilu et al., 2011; Wu, 2011; Cai et al., 2010) and the dynamics of 
buildings as well as on human reaction to low frequency vibrations and noise (e.g., Crawford 
et al., 1964; Jeary, 1986; Qiusheng et al., 1994; Brownjohn, 2003) The mechanics of the 
source can be described in great detail since the parts are well defined, as well as the sources 
of the vibration. Furthermore, buildings are well-defined, i.e., geometry and material. Since 
the construction material and the geometry of buildings are well described and known 
(compared to natural materials) the dynamics of buildings can be described with relatively 
simple numerical models the behaviour and vibration modes can be simulated. The path, i.e. 
the geological material between the tunnel floor and the structures on the ground surface (e.g. 
buildings) is more complex. The studies of the propagation path reported in the literature have 
only considered soils. In other studies where the whole chain (source, path, receiver) has been 
considered, the model of the geological material has been over-simplified.  
 
The content of this paper is only related to the path and covers studies of wave propagation in 
the rock mass. The effect of geometry and specific material properties of the rock mass 
including large-scale discontinuities are addressed.  
 
 
STATE OF THE ART – PREDICTION MODELS 
 
Standard 
The International Organization for Standardization (ISO) has compiled a standard for ground-
borne noise and vibration from railways. The standard entitled Mechanical vibration – 
Ground-borne noise and vibration arising from rail system, SS-ISO 14837-1 (2005), provides 
a general introduction and guide for the development of prediction models for situations 
where ground-borne vibration and/or ground-borne noise may arise in existing or new 
buildings along an existing or altered railway. Criteria and limit values have to be gained from 
national and international standards, e.g. SS-ISO 2631-1 (1997). 
 
The development of any model should according to SS-ISO 14837-1 (2005) account for the 
components of the system, i.e., source, path and receiver. Ground-borne vibrations and/or 



noise and their components should be calculated as functions of frequency (f). The basic 
model should yield the level or magnitude of ground-borne vibrations and/or noise, A(f), at 
the required position in the required quantity. It should be a function of the source S(f), the 
path P(f) and the receiver R(f). S(f) might be the force generated at the wheel/rail interface or 
the vibration response (velocity or acceleration) at a specified location (e.g. tunnel invert, 
tunnel wall or in the ground beside the tunnel). Each of the fundamental components (i.e., 
source, path and receiver) should be further divided into relevant parameters. The number of 
parameters which should be considered depends on the stage of the assessment process, i.e., 
scooping models, preliminary design and environmental assessment models and detailed 
design models.  
 
Models to predict ground-borne vibrations and/or noise can be either parametric (algebraic 
and numerical models), empirical or a combination of the two. These approaches/methods are 
often used due to their suitability with respect to the type of available data and how the result 
of the analysis will be used. Geoseismic vibrations or impulse excitation using drop weights 
or controlled blasting can be used to establish transfer functions. Corrections are however 
needed in order to take care of the difference in loading condition (point versus line load).  
 
Parametric models can be based either on algebraic equations or be numerical solutions. If the 
parametric models (and some empirical models) are deterministic, they will result in unique 
predictions for a given set of data. Since the accuracy of such models is sensitive to the 
quality of the input data, the results are only reliable if the input parameters are exact. It is 
therefore necessary to check the sensitivity of the model by varying the input parameters 
within intervals of possible values. Values used for design calculations should be chosen 
either using formal methods for risk assessment or by engineering judgement. Caution should 
be paid when applying a model for situations falling outside the conditions used to calibrate 
and validate the model. The degree of uncertainty associated with extrapolation increases with 
increasing magnitude of extrapolation.   
 
Numerical analyses may be used to predict vibration generation and propagation when 
sufficient information concerning the system is available. The numerical methods include the 
Finite Element Method (FEM), the Finite Difference Method (FDM) and the Boundary 
Element Method (BEM). The effect of time step and element size has to be considered.  
 
 
Previous studies 
 
General 
Analysis of train-induced vibrations and associated propagation can be done using 2D and/or 
3D models. The source should be regarded as 3D since the train is a line load, yet it is often 
considered (and modelled) as an oscillating force. The propagation path between the source 
and the receiver is commonly modelled in a plane perpendicular to the tunnel. This is usually 
sufficient for isotropic ground conditions. However, NGI (2004) and Lai et al. (2005) pointed 
out that the propagation between source and receiver is a true 3D problem when 
heterogeneities are included since the vibration propagates along the most beneficial path, 
which might not be the shortest (i.e. not a plane perpendicular to the tunnel). Andersen and 
Jones (2006) compared results from 2D and 3D numerical analyses of the propagation of 
disturbances from a tunnel to the ground surface. It was found that the 2D model was useful 
as a tool to study whether reduction or amplification was achieved due to changes made to the 
structure (lining and ground conditions), for example viable for parameter studies. 



Furthermore, it was recommended that 3D models should be used when absolute vibration 
transmission predictions are required. However, a major disadvantage of the 3D model was 
the significant increase in computation time (1000 to 2000 times longer) compared to the 2D 
model.  
 
A great number of investigations have been reported in the literature, all of them with a path 
consisting of soil. Unterberger et al. (1997) used FLAC to study the train induced vibrations 
from the Vienna metro line. The model comprised the tunnel (lining) and the surrounding 
ground (soil) and the input was a harmonic velocity. The model was used to determine the 
influence of groundwater, lining thickness, tunnel depth on the vibration levels induced at a 
foundation located on the ground surface. Lai et al. (2005) developed a numerical model to 
analyse train-induced vibrations from the source to the receiver (in this case the human). The 
influence of the sleepers, lining and attenuation as well as damping along the propagation path 
on the vibration amplitude was considered. An empirical transfer function was used to 
determine the propagation from ground to foundation and from foundation to the rest of the 
building. In addition the vibration of the floor was included in the model. The model was used 
to determine the levels of acceleration within the building.  
 
Degrande et al. (2006) developed a combined FE/BE model to study the behaviour of a 
deeply seated bored tunnel and a masonry cut-and-cover tunnel. FEM was used to model the 
tunnel while BEM was used to model the soil. Only the lining of the tunnel and the 
surrounding soil were considered. The model was used to study the response of the tunnels 
and the ground surface when the tunnel floor was subjected to a harmonic load. The in-plane 
and out-of-plane modes were calculated. 
 
Fujii et al. (2005) used FEM to model the vibration in the vicinity of a shielded subway tunnel 
in Tokyo. Only the tunnel (lining) and ground (soil) were included in the model. The load 
from the train was applied directly to the tunnel floor and was calibrated using vibration levels 
measured near the track. The model results were compared to the measured vibration in the 
ground near the tunnel and at the ground surface. Although the model was simple the results 
were in good agreement with actual measurements, especially if the background vibration 
(from traffic) was considered. 
 
Andersen and Jones (2006) used coupled FEM and BEM to model a double track cut-and 
cover tunnel and a single track tunnel constructed with the New Austrian Tunnelling Method 
(NATM). The tunnel (lining) was modelled with FEM while the soil was modelled with 
BEM. The train load was a harmonic motion. Analyses were made in both 2D and 3D. The 
models were used to determine the vibration level near the tunnel and on the ground surface 
when the tunnel structure was slightly altered. The aim was to compare 2D with 3D models. 
There were no comparisons with measured vibration levels. Schillemans (2003) used a 2D 
model based on FEM to simulate the vibration levels at a tunnel intersection near Antwerp. 
The model was used to determine which measures had to be taken at critical positions along 
the railway. To increase the accuracy of the model measured data was used as input. Other 
examples of studies are those by Silvestri et al. (2007), Rahman et al. (2011) and Wang et al. 
(2011) 
 
Tunnels in rock 
The City tunnel in Malmö, Sweden and the Metro tunnel in Copenhagen, Denmark 
(Citytunneln, 2000) are tunnels in rock. The model approach for the City tunnel project was 
validated by comparing modelled and measured transmission losses at the Metro tunnel in 



Copenhagen (similar rock type: limestone). The difference between the vibration level on the 
tunnel floor and at specific positions (denoted the transmission loss) was measured at discrete 
frequencies with sinusoidal excitation. The measurements were made at two locations at the 
Serum Institute and also at the tunnel lining.  
 
The prediction analyses were carried out using FINDWAVE®, a finite difference time-domain 
software for analysis of wave propagation in visco-elastic media. It can be used to solve any 
acoustical or other 3D wave propagation problem (Rupert and Taylor Ltd., 2000). The 
comparison of measured and predicted transmission loss was summarized for frequency 
intervals with similar behaviour. The result of the comparison was described as “predicted 
with reasonable accuracy”, “shift in peak”, “underprediction”, “overprediction” and “absent 
peaks and troughs”. In the frequency intervals described as “predicted with reasonable 
accuracy” the difference in measured and predicted transmission loss was in the interval 5 – 
20 dB. Intervals characterized as “underpredicted” or “overpredicted” showed a difference in 
the range 10 – 20 dB. The “shifted peaks” denoted when a visible peak on the predicted curve 
did not coincide with a local peak from the measurements. The discrepancy was in the 
frequency interval 5 – 15 Hz. In one of the cases the measured peak seems to be much wider 
than the predicted. The calculations were made with a much finer frequency interval than the 
measurements. The conclusion by Rupert Taylor Ltd. (2000) was that FINDWAVE® 
predicted the transmission loss to three locations quite well in the frequency interval 50 – 100 
Hz, particularly in the vertical direction which has the largest effect on levels of re-radiated 
noise inside buildings. This is the frequency interval of train-induced vibrations which 
contains most energy according to Rupert and Taylor Ltd. (1999). 
 
Discontinuous rock masses  
Numerical analyses of wave propagation in discontinuous rocks have mainly been performed 
for problems related to blasting and explosions. Brandshaug and Rosengren (2008) studied the 
stability of tunnels in rock subjected to an explosion load using 3DEC while Chen and Zhao 
(1998) used UDEC to study the impact of discontinuities on the propagation of waves 
generated by blasting. Both blasting and explosions are associated with high-frequency waves 
and the conclusions can therefore not be directly applied to the propagation of train-induced 
vibrations i.e. low frequency waves since the impact of discontinuities is frequency 
dependent. Hence there is a need to study how the presence of discontinuities within a rock 
mass affects the propagation of low-frequency waves (i.e. frequencies associated with train-
induced vibrations).  
 
WAVE PROPAGATION IN ROCK  
Rock masses often have a complex composition, consisting of one or several rock types 
(and/or variations of rock properties within a rock unit/type) and discontinuities of different 
scales. Therefore some assumptions have to be made before any analysis can be done. Two 
different approaches can be identified for the analysis of the performance of underground 
openings: (i) Discontinuum-Anisotropic approach: Considers the influence of individual 
discontinuities and variation of rock type properties and (ii) Continuum-Isotropic approach: 
Distributes/smears out the influence of the discontinuities and the variation of rock properties, 
by reducing the stiffness and the strength (equivalent continuum) using rock mass 
characterization methods. Approach (ii) is valid if the rock mass consists of intact rock 
without discontinuities, or if the size of individual rock blocks/pieces is small in relation to 
the size of the considered construction and if the major joint orientations are evenly 
distributed resulting in an isotropic behaviour forming a blocky texture, see Figure 2.  
 



The static behaviour of a rock mass is characterized by its stiffness (e.g. Young’s modulus), 
strength and state of stress. The same properties are important for the dynamic behaviour of 
the rock mass. However, a rock mass subjected to dynamic loading also involves inertia. The 
characteristic impedance is a quantity normally used to represent the stiffness and the inertia. 
If the rock mass is isotropic and continuous enough to be represented by an equivalent rock 
mass approach, the characteristic impedance, ρc, can be determined if the density, Young’s 
modulus and Poisson’s ratio are known.  
 
A dynamic load is characterized not only by its magnitude but also by its duration and 
frequency content. If the source of the wave is concentrated (e.g. cavity – blasting, train load 
on the floor of a tunnel, fault slip) the amplitude decreases with propagation distance even if 
the material is perfectly elastic. This is because the wave front expands (geometrical effect) 
and the energy at the wave front is projected on an ever increasing area. This phenomenon is 
normally denoted geometrical spreading. However, due to the heterogeneous nature of the 
rock mass (e.g. boundaries between rock units, discontinuities), the wave amplitude will 
decrease with propagation distance even if the wave front is planar. This phenomenon is 
called attenuation which comprises for example damping, (energy dissipation) and scattering 
which is the result of reflection and refraction at boundaries between different material 
properties (rock units) and/or at discontinuities.  
 
 
Continuum-Isotropic approach 
 
Elastic properties 
With this approach the rock mass properties are estimated using characterization methods. 
The characterization systems are based on factors which are believed to affect the 
deformation, strength and need for rock support. Input to the characterization systems are 
therefore often characteristics of the discontinuities such as number of joint sets, joint spacing, 
surface roughness, alteration and filling of joints, groundwater conditions and sometimes also 
the strength of the intact rock and the stress magnitude. A summary of available systems can 
be found in Palmström (1995) and Edelbro (2004). The two most common classification 
systems are the CSIR geomechanics classification (RMR, Bieniavwski 1974) and the NGI-
index (Q-system, Barton et al., 1974). Hoek et al. (1995) introduced the Geological Strength 
Index as a method to estimate the parameters s, a and mb used in the Hoek - Brown rock 
failure criterion. GSI is a characterization system which can be used to estimate the reduction 
in rock mass strength for different geological conditions.  

 
Figure 2 The effects of scale that can give rise to differences in behaviour  
 (Edelbro, 2004). 
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Estimation of the rock mass deformability (in terms of Young’s modulus or deformation 
modulus) based on rock mass characterization systems, has been addressed by a number of 
authors. Bieniawski (1978) compiled the values of the deformation modulus for rock masses 
from 15 different sites and proposed a relation between the rock mass deformation modulus 
and RMR. Serafim and Pereira (1983) proposed the empirical relation 
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which fitted their measurement data as well as the data presented by Bieniawski (1978). This 
relation works well for good-quality rocks, however, it seems to predict deformation modulus 
values that are too high for many poor quality rocks. Hoek and Diederichs (2006) proposed 
the relation  
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when reliable estimates of the intact rock modulus or intact rock strength are available. The 
estimated Young’s modulus can be used for both static and dynamic analyses. However, the 
characterization/classification methods give only an effective deformation modulus. If the 
rock mass has well defined rock units with significantly different properties they should be 
characterized separately.  
 
Attenuation of elastic waves in rock  
Defects in the rock mass (pores, stiff inclusions, discontinuities, boundaries between rock 
units) attenuate mechanical waves by for example reflections/refraction in different scales and 
frictional damping. One approach to estimate the effective decrease in amplitude of elastic 
waves (not geometrical spreading) is the relation (e.g. Gutowski and Dym, 1976; Watanabe 
and Sassa, 1996)  
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where A0 is the amplitude at distance r0 (initial point), Q is the quality factor, c is the velocity 
of the wave of interest (e.g. P-, S-, or R-wave velocity) and f is the frequency of the wave. A 
high Q-value indicates that the material has few imperfections. The quality factor is a 
dimensionless quantity for the energy loss per cycle for a propagating wave. Expressions (5) 
and (6) show that the amplitude versus distance is a function of the frequency.  
 
Ungar and Bender (1975) suggested a method to estimate the attenuation (transmission loss) 
of the waves induced by trains. The total attenuation of the P-waves, AT, is expressed as 
 
       idsT AAAA ++=      (4) 
 
where As is the spreading loss from a line source, Ad is the attenuation due to internal losses 
(dissipation) in the soil and rock, and Ai accounts for interfaces between two layers. The total 
attenuation for a P-wave induced in an underground tunnel (line-shaped source) by geometric 
spreading, dissipation and by a distinct change of material properties (from layer A to layer B) 
can then be expressed as (Ungar and Bender, 1975) 
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where r0 is the distance from the centre of the tunnel to the outer wall surface (simply the 
tunnel radius), x is the distance from the outer wall surface to an observation point, η is the 
loss factor, c is the P-wave velocity, f is the frequency of the considered vibration, ρA and ρC 
are the densities and cA and cC are the longitudinal wave velocities of materials A and C, 
respectively. For the above relation to hold the regions of the different media have to be 
several wavelengths long. Ungar and Bender (1975) also proposed an extra term for the case 
of a layer B between layers A and C (where layer A and C have the same properties)  
 
Discontinuum-Anisotropic approach 
Elastic waves impinging the boundary between two neighbouring regions with different 
stiffness (i.e., Young’s modulus) will be reflected and refracted. The difference in Young’s 
modulus as well as the angle of incidence affect the amount of reflection, refraction and how 
much of the energy that is converted to other wave forms (e.g. from P-waves to Sv-waves). 
For a general case, the angle of the reflected and transmitted waves, are obtained from Snell’s 
law.  
 
Many rock types and rock masses show anisotropic mechanical characteristics. This might 
have its origin in microscopic anisotropy as well as in stratification and tectonics. The 
discontinuities can often be grouped into sets with similar orientation. If a rock mass contains 
one set of discontinuities or if one set of discontinuities is significantly weaker or less stiff 
than the other sets, the rock mass will behave like a transversally isotropic material.  
 
The simplest case of anisotropy is transverse isotropy, which implies that the elastic 
characteristics are equal in one plane but not in the planes perpendicular to it. Stratified rocks 
are examples of material that display such properties. The theory of elasticity for transversely 
isotropic materials can be used to derive Young’s modulus, Ex’, (and Poisson’s ratio) in an 
arbitrary loading direction (Lekhnitskii, 1981) for anisotropic rock types as well as for 
anisotropic rock masses (anisotropy induced by discontinuities).  
 
The P- and S-wave velocities in the x’-direction can then be calculated using the relations for 
Young’s modulus and Poisson’s ratio in different directions. These wave velocities are only 
valid if the wave length is much greater than the thickness of the layers. If not, the waves 
might be trapped in the layers and other kinds of wave phenomena may occur.  
 
Eitzenberger (2008) and Eitzenberger et al. (2011, 2012a,b), showed that parameters such as 
orientation (with respect to the propagation direction of the incident wave) and stiffness have 
an important impact on the transmission of energy across a discontinuity. For a stiff 
discontinuity the transmission is high since the joint acts similar to a welded interface. A 
decrease of the stiffness decreases the transmission coefficients. If the joint stiffness is very 
low the discontinuity will reflect most of the wave energy, since it responds similarly to a free 
surface. This behaviour is true for both P- and S-waves. 
 
Eitzenberger et al. (2012b) also utilized theoretical models derived by Pyrak-Nolte et al.  
(1990a & b) and Cai and Zhao (2000) to study low-frequency wave propagation across 
multiple parallel discontinuities. These analyses revealed that the transmission decreases with 



increasing frequency regardless of the number of parallel discontinuities. It was also evident 
that the transmission decreases when the number of parallel discontinuities increases.  
 
An increase in the frequency and number of discontinuities reduces the transmission 
coefficient across multiple parallel discontinuities. When the ratio between discontinuity 
spacing and wave length is large, an increase in the number of parallel discontinuities reduces 
the transmission coefficient. Furthermore, the transmission coefficient increases as the ratio 
between discontinuity spacing and wavelength decreases. Once the spacing between 
discontinuities becomes very small the transmission coefficient is reduced to values lower 
than those for large discontinuity spacing to wave length ratios.  
 
 
THE SHALLOW SEATED TUNNEL 
 
General 
In the previous sections rock mass properties and prediction models have been discussed. This 
section will focus on how the geometry of the problem, a shallow seated tunnel in a 
discontinuous rock mass, affects the transmission of vibrations from the floor of a tunnel. The 
complexity of the problem is due for example to the fact that there are several free surfaces 
(the tunnel boundary and the ground surface), the load is not uniformly distributed over the 
boundary of the tunnel and the presence of discontinuities in the rock mass. Since the focus of 
the paper is the vibrations on the ground surface, the results in this section will be presented in 
terms of normalized vertical and horizontal peak particle velocity at the ground surface, ppvv, 
and ppvh, respectively. The peak particle velocity is normalized with respect to the input 
velocity amplitude.  
 
When a plane harmonic wave (see for example Achenbach 1973), with components 
v1 )exp(sin 00 ηθ i= and v2 )exp(cos 00 ηθ i= , is reflected at a free surface the particle velocity 
components are defined as  
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velocities, ppvh and ppvv are defined as the amplitudes of v1 and v2, respectively, i.e., ppvh = 
v1/ )exp( 0ηi  and ppvv = v2/ )exp( 0ηi . Figure 3 shows that the peak particle velocity 
component, ppvv, decreases, while ppvh first increases and then decreases with increasing 
angle of incidence. This example shows the importance of the incident angle, but do not 
consider the geometric scattering, the non-uniform wave front, the wave-ground surface-
tunnel interaction or the influence of large-scale discontinuities.  
 



 
 
Figure 3 The ppvv and ppvh at a free surface when a plane harmonic P-wave is reflected.  
 
Eitzenberger et al. (2012a) studied the propagation of the disturbance induced by a sinusoidal 
vibration applied to the floor of the tunnel (model see Figure 4) with the 2D discrete element 
program UDEC. In that study the sensitivity of ppvv and ppvh on different parameters was 
investigated. The results from the models were compared to a base case.  
 

 
 
Figure 4 UDEC model used by Eitzenberger et al. (2012). 
 
The results can be summarized as (i) the overburden, Young’s modulus and damping ratio 
have significant impact on the vibration levels on the ground surface. (ii) There is a point on 
the ground surface, where the particle velocity reaches a minimum. The distance from the 
tunnel to the minimum depends on the overburden and the frequency of the dynamic load. 
(iii) The presence of a single discontinuity near the tunnel will either reduce or magnify the 
vibration velocities on the ground surface, depending on the distance between the tunnel and 
the discontinuity, the inclination of the discontinuity and the shear and normal stiffness of the 
discontinuity, (iv) The presence of parallel inclined discontinuities in the rock mass generates 
rapid shifts of the velocity amplitude resulting in several local maxima and minima on one 
side of the tunnel. These shifts seem to coincide with the positions on the ground surface 
where the discontinuities daylight. If the waves are trapped between the inclined discontinuity 
planes and the ground surface magnification occurs (v) adding a second set of parallel 
discontinuities does not seem to significantly change the peak particle velocity. The extra set 
seems to generate maxima and minima on the other side of the tunnel. This is because the 
additional set of discontinuities makes the geometry of the mode more symmetric, with blunt 
and acute angles between the discontinuities and the ground surface. The acute angles 



(pointing in the direction of the propagating wave) seem to trap waves and generate 
magnifications close to where the discontinuities daylight.  
 
From the results by Eitzenberger et al. (2012a), it is evident that the ppvv and ppvh 
distributions along the ground surface are not smooth functions of the distance. This is 
especially true for the models including large-scale discontinuities. From the plots of 
displacement vectors the wave front for the base case, without discontinuities, has been 
identified, see Figure 5. The ppv at the wave front is not the same at all points along the front 
because of the complexity introduced by the loading and the shape of the tunnel. Since the 
load is applied as a particle velocity distributed over the whole floor of the tunnel, the lower 
corners act as sources radiating waves with a radial front. All other points on the floor can be 
thought of as point sources as well. When all of them are superimposed the shape of the total 
wave front becomes curved but not circular. Figure 5 can be used to draw different wave 
traces. Examples of this are shown in Figure 6 for the 10 m and 5 m overburden. This shows 
that wave reflections and transmissions occur in a way that we cannot predict without 
numerical analysis tools.  
 

 
 

Figure 5 The wave front generated by train-induced vibrations. 
 
a)          b) 

 
 
Figure 6 The wave front generated by train-induced vibrations and some examples of 
 wave traces for a) 10 m and b) 5 m overburden. 
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Thick geological structure  
 
Model 
The work by Eitzenberger et al. (2012a) comprised studies of the effect of geometrical and 
rock mass properties as well as of “thin” discontinuities (with zero width). In this section the 
effect of two different discontinuity zones have been studied by numerical analysis. The 
numerical analyses were performed using the Universal Distinct Element Code (UDEC), 
which is a two-dimensional (2D) numerical software based on the distinct element method 
(DEM) for discontinuum modelling (Itasca, 2006). UDEC is able to simulate the response of 
discontinuous media (e.g. rock mass) subjected to either static or dynamic load (Itasca, 2006). 
UDEC is commercially available, implicating that the software is verified and the emphasis 
can thus be put into studying the effect of different properties (Sjöberg, 1999).  
 
The model is 400 m wide and 100 m high (as illustrated in Figure 7 and Figure 8). The 
geometry of the tunnel is consistent with modern single-track railway tunnels in Sweden 
(Banverket, 2002). In the actual tunnel design the floor is inclined for drainage purposes, but 
for simplicity has been adjusted and assumed to be horizontal. The overburden, which is the 
distance between the ground surface and the roof of the tunnel, is 10 m. The stress conditions 
used are based on hydraulic fracturing measurements performed in the Fennoscandian shield 
and are σH = 2.8 + 0.0399z [MPa], where z is the depth in meters (Stephansson, 1993) while 
the vertical stress is assumed to be the product of the depth, density and gravity (i.e. σv = 
ρgz). 
 
Table 1 Rock mass properties used in the analyses. 
Property Value 
Rock mass 
Density, [kg/m3] 2700 
Poisson's ratio, ν 0.25 
Young’s modulus, E [GPa] 45 
P-wave velocity [m/s] 4500 
Damping ratio, [%]  2 
Overburden, [m]  10 
Fictitious discontinuities 
Normal stiffness Kn [GPa/m] 1000 
Shear stiffness Ks [GPa/m] 1000 
Friction angle [°] 30 
Cohesion [MPa] 1⋅1014 

Tensile strength [MPa] 1⋅1014 
Horizontal in situ stress, σH [MPa] 2:8 + 0:0399z* 

* Stephansson (1993) 
 
The dynamic input consists of one period of a sinusoidal wave with a particle velocity of 100 
mm/s applied vertically to the tunnel floor. The frequency of the load is 125 Hz. Wave 
reflections at model boundaries were minimized by specifying quiet (viscous) boundary 
conditions to all model boundaries except the ground surface.  
 
In the first case the tunnel is situated within a thick inclined zone which daylights. The zone is 
bounded by two large-scale discontinuities and is defined either by (i) significantly different 
rock properties than the host rock or (ii) as a zone with the same properties as the host rock 



mass but with significantly lower shear stiffness for the two large-scale discontinuities 
defining the zone, Figure 7 and Table 2.  
 
The uppermost part of the bedrock is often more fractured and weathered than the deeper 
parts. A specific surface-parallel system of geological structures occurring in brittle and 
isotropic rocks is sheeting. This phenomenon is common in crystalline bedrock which has 
been covered by land ice. The discontinuities (fractures) originate from de-stressing and are 
mainly parallel to the upper surface of the bedrock, i.e. in most cases sub-horizontal. The 
distance between the sheeting planes depends on the grain size and the depth below the 
ground surface. The distance between the discontinuities increases often with increasing 
depth. The distance between the planes is often in the range of some decimetres to some 
metres. Such a layer (with lower rock mass quality than the rest of the rock mass) shows 
different acoustic behaviour than the host rock mass. Two different ways to simulate the layer 
have been used; (i) a continuous layer with lower stiffness and (ii) a discontinuous layer with 
vertical and horizontal sets of discontinuities (see Figure 8 and Table 3).  
 
In the model, history points on the ground surface were used to record the vibration. At each 
history point the maximum and minimum (most negative) particle velocities were recorded in 
the horizontal and the vertical directions. The particle velocity at each history point was 
determined as the maximal measured velocity regardless of sign, i.e., the absolute value of the 
minimum or maximum value – the Peak Particle Velocity, PPV. The results are presented as 
normalized peak particle velocities, vertical, ppvv, and horizontal, ppvh, on the ground surface 
versus the normalized distance, x = Distance/Tunnel width, from the centre of the tunnel. The 
peak particle velocity was normalized with respect to the input velocity amplitude. 
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Figure 7 Geometry of the UDEC model with inclined zone. 
 



 

  
Figure 8  Geometry of the UDEC model with layer. 
  
Table 2 Input data for the inclined zone. 

Case Young's 
modulus, E 

[GPa] 

Poisson's ratio, 
ν 

Normal 
stiffness Kn 

[GPa/m] 

Shear stiffness 
Ks [GPa/m] 

Horizontal 
thickness 

[m] 
ZD1 45 0.25 10 10 26 
ZD2 45 0.25 10 0.1 26 
ZY1 4.5 0.25 10 10 26 
ZY2 22.5 0.25 10 10 26 
ZY3 67.5 0.25 10 10 26 
ZY4 90 0.25 10 10 26 

 
Table 3 Input data for the horizontal layer. 

Horizontal 
lower boundary 

Real discontinuities 

Stiffness of discontinuities [GPa/m] 

Joint spacing [m] Case Young's 
modulus
E [GPa] 

Poisson's 
ratio ν 

Normal, 
Kn 

Shear, 
Ks 

Normal, 
Kn 

Shear, 
Ks 

Horiz.. Vertical. 

Vertical 
thickness 

[m] 

Decreased Young’s modulus 
LY1 10 0.25 10 10 - - - - 1 
LY2 10 0.25 10 10 - - - - 2 
LY3 10 0.25 10 10 - - - - 5 
LY4 25 0.25 10 10 - - - - 1 
LY5 25 0.25 10 10 - - - - 2 
LY6 25 0.25 10 10 - - - - 5 
Horizontal and vertical discontinuities 
LD1 45 0.25 10 10 5 5 5 5/3 5 
LD2 45 0.25 10 10 5 5 2.5 5/3 5 
LD3 45 0.25 10 10 2 2 5 5/3 5 
LD4 45 0.25 10 10 1 1 5 5/3 5 
 
 
Inclined zone 
Two approaches were used to simulate the inclined zone: (i) by assigning different Young’s 
modulus values to the zone and the host rock mass (Cases ZY1-ZY4) and (ii) by assigning 
different properties to the discontinuities defining the zone (ZD1-ZD2). In the cases ZY1 – 
ZY4 the discontinuities defining the inclined zone have the same normal and shear stiffness as 
in case ZD1. The results of the analyses are presented in Figure 9 and Figure 10. 
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Figure 9 Peak particle velocity, ppvv, along the ground surface for a case with an inclined 

zone with different properties. 
 
Inclined zone – Vertical peak particle velocity - ppvv 
The result from the analyses of the cases ZD1, ZD2 and ZY1 – ZY4, have been compared to 
that of the base case, BC. The cases ZD1 and ZY3 are not shown in Figure 9 in order to make 
the diagram clearer. The behaviour of the cases BC, ZD1, ZY3 and ZY4 is generally similar 
with respect to magnitude and shape. The differences can be summarized as (i) ppvv above the 
tunnel is lower for BC than for the other cases and (ii) the shape of the curves representing 
cases ZD1, ZY3 and ZY4 are somewhat different for x > 3, with for example more 
fluctuations on the right side of the tunnel, than that of BC. The second maximum on each 
side is closer to the tunnel for BC than for the other cases.  
 
An increase of Young’s modulus in the inclined zone results in increasing ppvv above the 
centre of the tunnel, i.e., ppvv for ZY4 is almost 50% higher than that of BC, and ppvv of ZY3 
is in between that of BC and ZY4. If the stiffness of the inclined zone is lower than that of the 
host rock mass, the ppvv is lower than that of BC, which is evident for ZY1 and ZY2. These 
two cases result in the lowest ppvv among all analysed cases. While ZY1 has a local 
maximum around x = 2 and a low and flat level for distances x > 3, ZY2 gives a more 
constant level with some fluctuations for all distances.  
 
The discontinuities defining the inclined zone do not seem to affect the behaviour to any great 
extent. Young’s modulus of the zone in all these cases is either equal to or greater than that of 
the host rock mass. In case ZD2, however, Young’s modulus is the same as in the host rock 
mass, but the shear stiffness of the discontinuities defining the zone has been lowered 100 
times compared to the rest of the analysed cases. The maximum value for ZD2 is around 80% 
higher than that of BC.  
 
ZD2 and ZY1 show similar general behaviour with 2 – 4 times higher levels for ZD2. Both 
cases have a maximum close to the position where the right discontinuity defining the 

x 



inclined zone daylights. The levels are in general highest in the interval where the zone 
daylights, with a local peak right above the centre of the tunnel.  
 
The conclusion is that channelling of the waves takes place for ZD2 with the low shear 
stiffness and for ZY1 with low Young’s modulus (i.e. stiffness). These two cases show a 
much larger relative maximum where the inclined zone daylights than the other cases. Case 
ZY2, with a 50% lower stiffness than the host rock mass, also shows some kind of 
filtering/trapping effect, since the ppvv varies around an average level, with a maximum above 
the tunnel and within the area where the inclined zone daylights.  
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Figure 10 Peak particle velocity, ppvh, along the ground surface for a case with an inclined 

zone with different properties. 
 
Inclined zone – Horizontal peak particle velocity - ppvh 
The case ZY3 is not shown in Figure 10 in order to make the diagram clearer. The cases BC, 
ZD1, ZY3 and ZY4 show similar behaviour, except for an extra local maximum at  
x >  6 – 7. ZD2 has a similar behaviour, but the level is lower and the highest level occurs 

above the tunnel and where the inclined zone daylights.  
 
When the zone has the same or higher stiffness than the host rock mass, it behaves similarly 
to the base case. The highest ppvh of all analysed cases is obtained for the case with the same 
Young’s modulus as the host rock mass and a stiffness of the discontinuities which is typical 
for rock joints, ZD1.  
 
The three exceptions are ZD2, ZY1 and ZY2. The first exception is ZY1 (the zone has the 
lowest Young’s modulus of all analysed cases) which shows a maximum at x = 1 – 2 
whereafter it drops to a low level for all distances x > 3 and x < -0.5. The zone seems to trap 
the horizontal vibrations. This is shown by for example the location of the maximum of the 

x 



ppvh, i.e., it is within the interval where the inclined zone daylights. Outside the zone, the 
levels are much lower than for the other cases.  
 
The case with the lowest shear stiffness, ZD2, results in the highest ppvh level above the 
tunnel of all analysed cases. The levels to the right of the discontinuity are significantly lower 
than inside the zone. The ppvh-levels on the left side are significantly higher than those on the 
right side of the tunnel. A second maximum occurs for x ≈ -3. No such extra peak is observed 
on the right side. The third case, ZY2, which behaves differently, compared to the base case is 
not as symmetric as BC, ZD1, ZY3 and ZY4. It has higher ppvh-levels on the right side than 
on the left side, with its maximum at the coordinate where the right discontinuity defining the 
zone daylights and its lowest value close to the left discontinuity.  
 
All of the cases where the zone has a Young’s modulus which is different from that of the 
host rock mass and a discontinuity with low stiffness (ZD2), show a distinct “jump” at the 
location of the left boundary (discontinuity) of the zone. In conclusion (for both ppvv and 
ppvh), the zone acts as a wave trap/wave guide if the zone has a significantly lower Young’s 
modulus or if the discontinuities defining the zone have a shear stiffness which is significantly 
lower than the “typical” stiffness (in this paper 10 GPa/m). 
 
Horizontal layer 
 
The vertical vibration - ppvv 
Since the models are symmetric, only one side has to be studied. All analysed cases (including 
BC) except LY3, show similar behaviour, see Figure 11. Therefore the cases LY4 –6 and LD1 
– 4 are not shown in Figure 11 in order to make the diagram clearer. They result in higher 
ppvv than the base case (BC) for distances x  <  5.5 – 7.5. The highest levels of the ppvv of 
all analysed cases are obtained for LY2 and LY5. The case LY3 shows a similar behaviour for 
distances x  < 2.2, but decreases for larger distances. The curve shows a local minimum at 
x= ±6.  
 
The cases denoted LD model the weathered layer as a discontinuous rock mass, with a 
horizontal and a vertical set of discontinuities. All these cases give virtually the same ppvv-
versus distance curves. They are not shown since they are in general In conclusion, the effect 
of a layer is an increase in ppvv in the interval x  <  5.5 – 7.5 and a decrease x  > 5.5 – 7.5 
compared to BC.  
 



 
Figure 11 Peak particle velocity, ppvv, along the ground surface for a case with a 
 horizontal layer with different properties. 
 
The horizontal vibration – ppvh 
The cases LY4 – 6 and LD2 – 4 are not shown in Figure 12 to make the diagram clearer. 
There is no difference between the results obtained for cases LD1 – 4. All analysed cases, 
except LD1-4, show higher ppvh-levels than BC for x < 3.5 (Figure 12). The ppvh-levels of the 
LD1-4 cases are lower than that of BC for x < 1. For distances x > 3.5, the ppvh for LY1 – 
LY3 is till higher than for BC, while it is lower for the rest of the cases. 
 
Two cases show a somewhat different behaviour, LY2 and LY3, with higher levels in general 
and higher and wider maxima. The maximum of LY3 is much wider than for the rest of the 
cases. The layer with the lowest stiffness shows the highest ppvh-levels. The highest levels of 
all analysed cases are obtained for the layer with the lowest stiffness and the greatest 
thickness, LY3.  

  
Figure 12 Peak particle velocity, ppvh, along the ground surface for a case with a 
 horizontal layer with different properties.  
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DISCUSSION 
The accuracy of numerical analyses depends on how well the model can mimic the real 
behaviour. The recommendation in SS-ISO 14837-1 (2005) to account for the components of 
the system, can be considered by using for example (i) one model which comprises all 
components or (ii) detailed models of each part of the chain providing input to the analysis of 
the subsequent part of the system. As long as the interaction between the different parts is not 
strong, this approach is probably the best from an accuracy point of view. However, if there 
are obvious interactions between the components of the system, the detailed model of each 
component should include a simplified model of the next component. For example, the first 
approach to model the path comprises only the material between the tunnel and the ground 
surface. However, the ground vibrations may be affected by the buildings on the ground 
surface. This could be taken care of by adding simple models of the buildings of interest to 
the model, e.g., distributed masses on the ground surface.  
 
All of the numerical studies of train-induced vibrations from tunnels found in the literature, 
dealt with tunnels built in soil. However, two cases of analysed rock tunnels, the City Tunnel 
in Malmö (Sweden) and the Copenhagen Metro (Denmark), were found in the project reports 
of the City tunnel project (Citytunnel (2000). The Copenhagen Metro was used to evaluate the 
capability of the software FINDWAVE® to predict train-induced vibrations on the ground and 
inside buildings. The model used comprised the whole system, i.e., source, path and receiver 
and the results were presented as loss factors. Since the models included the whole system, 
significant simplifications were made. For example, the main structure of the buildings (walls 
and roofs) was modelled with a single column or row with FD cells, i.e., only one cell in the 
lateral direction. The complexity of such a model makes it difficult to judge whether the 
prediction model was good enough or not. Similarities as well as dissimilarities between the 
measured and modelled vibration levels or transmission losses may be a result of a number of 
factors. From a rock mechanics point of view, the model of the geological elements was not 
according to rock engineering practice.  
 
The most straight forward approach to use for analyses of rock mechanics problems as well as 
train-induced vibrations is to assume that the elastic parameters are obtained from rock mass 
characterization and the attenuation of elastic waves is estimated using the seismic quality 
factor, Q or the method developed by Ungar and Bender (1975). The quality factor approach 
is empirical and results in a continuous decay, while the method by Ungar and Bender (1975) 
includes explicit terms representing the effect of reflection and transmission of P-waves at 
boundaries between rock units with different properties. However, these terms are based on 
the assumption of normal incidence. Both methods use major simplifications and exclude for 
example that P-waves are reflected and refracted both as P- and S-waves. Furthermore, the 
effects of the reflection and refraction at large discontinuities cannot be estimated using any 
simple relation.  
 
The analyses by Eitzenberger et al. (2011, 2012a) evaluated the sensitivity of a continuous 
model to changes in overburden, Young’s modulus, source frequency and damping ratio and 
showed that all of the above parameters had a significant impact on the vibrations on the 
ground surface. The ppvv and ppvh versus distance along the ground surface were 
characterized by large variations. A typical pattern was a peak about one tunnel width from 
the centre of the tunnel, followed by a minimum and a new wider peak and finally a slow 
decay when the distance increased beyond 10 tunnel widths. Another interesting observation 
from these analyses was that ppvv above the tunnel, for some parameter combinations is 
higher than that at the source (in the range of 20 – 30% higher). This might imply tendencies 



of resonance or other wave interaction phenomena since it occurred for certain frequencies 
and very small overburdens (the roof acts like a beam).  
 
When discontinuities were included in the models, the pattern changed and several “new” 
peaks could be observed along the ground surface. This was particularly obvious for (i) one 
discontinuity inclined 45° and positioned below the tunnel, (ii) one set of discontinuities 
inclined 45° and (iii) two sets of discontinuities with varying spacing and inclined 45° and 
135°. The highest of these peaks was almost twice as high as those in the continuous analysis 
with the same rock mass properties.  
 
The analyses presented in this paper showed significant changes in the behaviour compared to 
the base case with a continuous rock mass. The zone was defined by lower stiffness than that 
of the host rock mass, or as a rock mass zone between two discontinuities with low stiffness. 
The clearest change in behaviour was observed when (i) the stiffness of the discontinuities 
defining the inclined zone was low and (ii) the zone itself had lower stiffness than the host 
rock mass. In these cases the zone acted as a channel keeping the waves trapped and thereby 
producing high ppv in the area where the zone daylighted and causing lower ppv-levels 
outside the zone.  
 
It can be concluded that the inclined zone (or thick discontinuity) analysed in this paper and 
the thin discontinuities (no thickness) studied by for example Eitzenberger (2011, 2012a) 
behave differently. First, the zone analysed in this paper is a special case since it contained the 
source of the train-induced vibrations (the tunnel). Therefore the waves in some of the 
analyses were channelled or trapped in the zone, resulting in higher ppv-levels where the zone 
daylights and lower levels outside the zone. Secondly, if the tunnel is outside the zone, the 
zone may act as a wave trap/filter or a reflector since it comprises two discontinuities and a 
zone with properties different from those of the host rock. This means that waves can be 
reflected already at the discontinuity (similar to a “thin” discontinuity) and/or trapped 
between the discontinuities defining the zone.  
 
The second group of models analysed in this paper comprised of a rock mass with a 
horizontal layer closest to the ground surface. This layer is of lower quality than the host rock 
mass. The analyses showed that the layer had a significant effect on the vibration levels and 
the distribution of ppv along the ground surface. The layer was modelled in two ways (i) as a 
continuous layer with reduced Young’s modulus (i.e. stiffness) and (ii) a discontinuous layer 
with vertical and horizontal sets of discontinuities. The analyses showed that the layer in 
general amplifies the peak particle velocity on the ground surface especially in the horizontal 
direction.  
 
The geometry of the problem is also a key factor; (i) the load is applied only at one part of the 
boundary of the tunnel, (ii) the problem includes several free surfaces, i.e. the ground surface 
and the tunnel(s), (iii) the boundaries between rock units with different mechanical properties 
and (iv) the large-scale structures with different orientation, thickness and properties. The free 
surfaces, the boundaries between rock units and the discontinuities will act as wave reflectors, 
channels and traps. The vibrations will not only be attenuating functions of distance. 
Amplification might also occur, especially close to the tunnel. One risk factor is resonance in 
for example the roof and soil layers above the rock surface. 
 
Since large-scale discontinuities have such an impact on the transmission of elastic waves 
from train tunnels, efforts have to be made to find the most important geological structures. 



This can be achieved using different seismic methods. The tunnelling process can be used to 
explore the rock mass and indentify rock units and large-scale structures which may affect the 
propagation of the vibrations. This can be done by installing an accelerometer array which 
covers the ground of special interest. The drilling as well as the tunnelling rounds can be used 
as seismic sources. Percussive drilling provides a seismic source which is quite well defined 
with frequency content in the range of 60 - 120 Hz. The tunnel round generates waves with 
somewhat different frequency spectrum and higher energy content than drilling. However, a 
tunnel round consists of a number of charges detonated in a sequence with delays between 
different groups of holes. Therefore, the wave source is complex. In order to use a tunnel blast 
as a source, the characteristics of waves generated by single and multiple blasthole 
detonations have to be investigated through measurements and/or numerical analyses. If a 
single charge could be detonated before the main round, it would be easier to characterize the 
seismic source. 
 
A complementary activity is to carry our sensitivity analyses with different sets of 
discontinuities, with different spacing, length, thickness, stiffness and position, to evaluate 
how large-scale structures affect the wave propagation pattern including the 
scattering/attenuation. This study has to be based on at least a general knowledge of the 
structural geology at the site. 
 
 
CONCLUSION 
The new results presented in this paper show that  
• zones or thick discontinuities can  

– result in channelling of waves resulting in higher ppv-levels at the ground surface where 
the zone daylights 

– act as a wave trap or filter 
• if the uppermost part of the rock mass has lower stiffness it generally amplifies the peak 

particle velocity on the ground surface especially in the horizontal direction.  
 
The case with the tunnel within the inclined zone, is a special case, since depending on the 
choice of properties for the zone material and the discontinuities defining the zone, the 
vibrations may be kept more or less inside the zone or transmitted to the rest of the rock mass. 
If the tunnel is outside the zone only the waves that are “allowed” to enter the zone can be 
trapped and channelled. In this case the zone may act as a filter.  
 
The uppermost layer of the bedrock consisting of a lower quality rock mass, acts in many of 
the analysed cases as an amplifier in the vicinity of the tunnel, similar to that of a soil layer. 
However, with increasing distance and increasing incidence angle the layer starts to act as a 
filter. This is especially evident for the layer with the lowest stiffness and the greatest 
thickness. An explanation for this phenomenon could be that the interaction of reflected 
waves from the ground surface and the interface between the layer and the host bedrock is 
more intense for thin than for thick layers.  
 
In conclusion the results from analyses carried out uniquely for this paper and those presented 
in the literature show that  
• The geometry of the problem provides closely located free surfaces (ground surface and 

tunnel surface) and the large-scale discontinuities that result in complex wave reflections 
and transmissions. 



• Empirical methods are not suitable for predictions of ground-borne vibrations, especially 
not when the overburden is small. 

• Numerical analyses have to be carried out in order to analyse the performance of the 
system comprising the tunnel, the rock mass and the ground surface. 

• Large-scale discontinuities have a great impact on the propagation of vibrations induced at 
the floor of a tunnel (by for example a train) and the vibration levels on the ground surface 
and that analyses based on the assumption of equivalent rock mass properties in the whole 
rock mass are not suitable for rock masses with large-scale discontinuities or sharp changes 
in rock properties. 

• The large-scale discontinuities have to be found in order to account for them in the 
analyses. The dynamic sources used during the construction phase, i.e., drilling and 
blasting, could be used together with tomography to investigate the rock mass. 

• Parameter studies have to be performed in order to analyse the sensitivity of the model to 
changes in the rock mass properties. 
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