
ORIGINAL PAPER

Numerical study on S-wave transmission across a rough,
filled discontinuity

Tingting Liu1,2
& Xinpin Li1 & Jianchun Li2 & Haibo Li2 & Yun Zheng2 & Yi Luo1

Received: 3 February 2016 /Accepted: 15 May 2017
# Saudi Society for Geosciences 2017

Abstract This paper presents a numerical simulation of S-
wave propagation across a rough, filled discontinuity using
the universal distinct element code (UDEC). The ability of
UDEC to simulate a stress wave across a smooth and planar
discontinuity filled with an elastic material is validated
through comparisons with analytical solutions. Next, the ef-
fect of the plastic deformation of the fill on the wave propa-
gation is investigated. The model is extended to further study
S-wave propagation across a filled discontinuity with rough
interfaces, which is described using a sawtooth. The transmis-
sion coefficient defined by the energy is used to measure the
wave attenuation. Finally, a parametric study is conducted to
investigate the influences of the filled thickness, asperity an-
gle, and incident amplitude on the transmission waves and
transmission coefficients. The asperity angle and filled thick-
ness together determine the transmitted waveform and trans-
mission coefficient. The transmitted wave may be cut off
when the incident wave amplitude exceeds a threshold value.
The transmission coefficient decreases with a different trend
with the incident wave amplitude increasing when the asperity
angle varies. Compared with planar discontinuity, a filled dis-
continuity with rough interfaces is more sensitive to the am-
plitude of the incident wave. The causes of these phenomena
are analyzed in detail. In addition, the deformation of the fill
material is strongly related to the wave attenuation.
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Introduction

Rock masses often consist of discontinuities, such as
microcracks, joints, and faults. When a stress wave propagates
across a rockmass, the wave is attenuated and slowed by these
structural planes. Studying wave attenuation across rock dis-
continuities has important engineering significance for the
stability analysis of underground construction and slopes. In
previous studies, based on the theory of the displacement dis-
continuity method (DDM) (Schoenberg 1980), the effect of
unfilled joints on wave attenuation has been extensively stud-
ied using analytical methods (Cai and Zhao 2000; Cook 1992;
Li et al. 2012; Pyrak-Nolte et al. 1990a, b) in terms of the
wave type, incident angle, joint space, and joint deformational
behavior. In the DDM, the stresses on the two sides of the joint
are continuous, whereas the displacements are discontinuous.
The elastic linear model and nonlinear model (Barton–Bandis
model (Barton 1973) and Coulomb slip model (Miller 1978))
are widely used to describe the relationship of the displace-
ment discontinuity. Regardless of which model is used, the
wave attenuation is highly related to the normal stiffness and
shear stiffness.

Some rock discontinuities are filled with materials that
have low shear strength and high deformation, such as sand,
clay, and weathered rock. Compared with unfilled rock dis-
continuities, these filled discontinuities are more likely to be
the weakest elements in a rock mass (Jaeger et al. 2009). The
presence of fill materials causes the wave propagation across
filled discontinuities to be more complex due to the multiple
reflections between the two sides of the joint wall and the
differences between the fill materials and the rock. In addition,
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the thickness of filled discontinuities induces a delay in the
wave propagation. Therefore, the role of filled joints on wave
attenuation has been investigated using analytical methods;
the discontinuities filled with material are regarded as elastic
or viscous thin-layer media of a given thickness that have
continuous displacement and stress (Bedford and
Drumheller 1994; Desai et al. 1984; Fehler 1982; Li et al.
2015; Zhu et al. 2012). In experimental methods, the split
Hopkinson pressure bar (SHPB) is used to study P-wave
transmission across a single filled joint with a smooth, plane
joint wall (Li et al. 2010; Wu et al. 2013).

However, most existing studies have concentrated on a P-
wave across filled discontinuities. When a P-wave propagates
across a joint normally, the direction of the particle vibration is
the same as that of the wave propagation, and the joint defor-
mation is also normal; thus, the normal mechanical behavior
of the joint is important in P-wave propagation. In contrast, the
particle of an S-wave moves along the shear direction, perpen-
dicular to the wave propagation direction; therefore, the shear
deformation behavior has a greater effect than normal me-
chanical behavior on the wave attenuation. The shear strength
of joints is much lower than the normal strength of joints, and
the instability of a natural rock mass and an engineering rock
mass is mostly induced by the shear failure of a joint. Li et al.
(2015) proposed the thin-layer interface method (TLIM) to
investigate S-wave propagation across a filled joint. The shear
strength of the interface between the fill material and rock is
considered in their study. However, the surface of the natural
rock discontinuities is rough for asperity purposes. The shear
mechanical behavior of rock discontinuities is determined by
the roughness and asperity of the interface, and the wave
propagation may also be affected because of the S–P-wave
conversion. The sawtooth shape is widely used to simulate
the asperity and to create artificial rock discontinuities
(Goodman et al. 1968; Indraratna and Haque 1997;
Indraratna et al. 2005; Jahanian and Sadaghiani 2015; Kutter
and Raunterberg 1979; Lama 1978; Papaliangas et al. 1993;
Pereira 1997).

It is difficult to investigate the role of rough interfaces on
wave propagation using analytical solutions because of the
effect of S–P-wave conversion and the complex influence of
the asperity. In addition, conducting experimental tests on S-
wave propagation across a joint is difficult because S-wave
generation itself is difficult. In contrast, numerical simulation
methods are economical and feasible alternatives for examin-
ing the role of rock discontinuities on wave attenuation. Based
on the discrete element method (DEM) (Cundall 1971), the

universal distinct element code (UDEC) has been widely used
to solve problems involving wave propagation across discon-
tinuities (Cai and Zhao 2000; Chen and Zhao 1998; Lei 2011;
Li et al. 2016; Zhao et al. 2006, 2008; Zhu et al. 2013). In
addition to UDEC, particle models (Resende et al. 2010;
Toomey and Bean 2000) and three-dimensional element code
(3DEC) (Babanouri et al. 2013; Deng et al. 2012; Lei et al.
2007) have been used to model wave propagation in a jointed
rock mass. For filled joints, the particle manifold method
(PMM) (Zhao et al. 2012) and particle flow code (PFC2D
3.10) (Huang et al. 2015) have been used to investigate the
role of filled thickness and wave frequency on P-wave
propagation.

However, to date, little work has been conducted to sys-
temically research S-wave propagation across rock disconti-
nuities filled with materials. Furthermore, few studies have
considered the effect of roughness. In this paper, S-wave prop-
agation across a rock discontinuity filled with a softer material
is studied using UDEC, and the role of the joint wall asperity
is investigated. S-wave propagation across a filled joint with-
out roughness in UDEC modeling is validated through com-
parison with analytical solutions. The model is then extended
to parametrically study S-wave propagation across a rough,
filled rock discontinuity. The model shown in Fig. 1 is used in
laboratory tests to simulate an artificial filled discontinuity; in
this study, the same model is used to simulate filled rock
discontinuities.

Model verification

Verification of UDEC modeling of S-wave transmission
across a planar filled rock discontinuity

The ability of UDEC to model wave transmission across un-
filled rock discontinuities has been widely verified by com-
paring analytical solutions with experimental data (Cai and
Zhao 2000; Chen and Zhao 1998; Lei 2011; Li et al. 2016;
Zhao et al. 2006, 2008; Zhu et al. 2013). Cai and Zhao (2000)
and Zhao et al. (2006, 2008) conducted a verification study on
modeling P-wave attenuation across fractures with linearly
and nonlinearly deformational behavior using UDEC. The
ability of UDEC to model wave transmission across multiple
intersecting joint sets was verified by Zhu et al. (2013) with
comparisons to field test data. However, the ability of UDEC
to model S-wave transmissions across a filled joint has not
been verified. The displacement discontinuity model is widely
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α:  asperity angle
t:  filled thickness
h:  asperity height
L:  base length

Fig. 1 Schematic of a typical
artificial filled joint with asperities
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used to describe the deformation of an unfilled joint, the thick-
ness of which is often ignored. The normal stiffness and shear
stiffness dominate the displacement and stress relations and
significantly influence the wave attenuation. However, for a
filled joint, the filled thickness is an important parameter that
should be considered. Thus, the TLIM presented by Li et al.
(2015) is applicable instead of the DDM. In contrast to the
DDM, in the TLIM, the displacement and stress across the
interfaces both continue, and the filled thickness and the prop-
erties of the filled material are the dominant parameters. Based
on one-dimensional wave propagation theory, the basic equa-
tions for particle velocities are as follows. When the shear
stress on the filled joint is less than or equal to the shear
strength, i.e., τ < =τs, the stress and velocity before and after
each side of the filling material are continuous, that is,
τ−=τ+ = τ− and v− = v+ = v. In addition, the two waves named
right-running (RR) and left-running (LR) S-waves, vr and vl,
respectively, can be expressed as

v−l
vþr

� �
¼ A−1B

v−r
vþl

� �

where

A ¼ z−s −zþs
1 1

� �
and B ¼ −z−s zþs

1 1

� �

If τ > τs,

v−l ¼ τ s=z−s −v
−
r and vþr ¼ τ s=zþs −v

þ
l

Based on the time-shifting function, the relationship between
the two sides of the filled joint can be described as follows:

vþl;1 ¼ v−l;2 t−Δtð Þ and vþr;1 ¼ vþr;1 t−Δtð Þ

Consequently, to verify the ability of UDEC to model wave
transmissions across a filled joint, a model focused on S-wave

propagation is used. As shown in Fig. 2, the model has dimen-
sions of 300 m × 1 m. The fill material in the region between
interface C and interface D has different properties than the rock
material. In the verification, interfaces C and D are planer and
smooth with a large stiffness to guarantee the continuity of the
displacement and stress. To ensure numerical accuracy, the
mesh ratio—defined as the ratio of the mesh size to the wave-
length—must be smaller than 1/8–1/12 (Chen and Zhao 1998).
In the present study, the mesh element of the rock model is 2 m,
which results in a ratio of 1/17 for the smallest wavelength. To
increase the calculated efficiency, cracks A and B are produced.
Because the space between the filled joint interfaces is small,
the element size of rock regions R1 and R2 decreases to 0.2 m
and that of the fill material decreases to 0.02 m.

Because the incidence of the S-wave induces vibration in
the y direction, the displacements in the x direction of the
upper and lower boundaries are restricted, while the displace-
ments in the y direction are free. Nonreflecting viscous bound-
aries (Lyser and Kuhlemeyer 1969) are placed at the left and
right boundaries to avoid wave reflections from the artificial
boundaries. The incident and transmitted waves are measured
at points A and B, which are located at x = 10m and x = 150m
(y = 0.5 m), respectively. A one-cycle sinusoidal velocity in
the y direction is normally applied to the left boundary with a
frequency of 50 Hz, an amplitude of 1 m/s, and a duration of
0.02 s, respectively. An elastic model is used to describe the
rock and the fill material, the properties of which are equal to
the analytic solutions (Li et al. 2015) and are shown in Table 1.
Even though UDEC is capable of considering energy loss,
damping is neglected for two reasons. First, when a wave
propagates across a jointed rock mass, wave attenuation is
mainly caused by different types of rock discontinuities rather
than the rock itself (King et al. 1986; Zhao et al. 2006).
Second, the present study aims to investigate the influence
of a filled joint on wave transmission; therefore, the attenua-
tion of the rock material is not considered.

Non-reflection Boundary 
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Filled Joint

Point B

Point A
1m

Incident wave 

X

Y
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h
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R1 R2
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Fig. 2 Numerical model for S-
wave propagation across a filled
discontinuity
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The Coulomb slip model is used to describe the filled joint
sides (interfaces C and D), which are the interfaces between
the rock material and fill material. For comparison with the
analytical solutions, values of 1.4, 5.6, and 10.5 MPa are used
for the shear strengths determined by the friction angle and
cohesion. The incident waves and transmission waves for the
three shear strength values are shown in Fig. 3. The numerical
results are in good agreement with the analytical results,

demonstrating the ability of UDEC to simulate S-wave prop-
agation across a filled discontinuity.

Effect of the shear plastic deformation of the fill material
on S-wave attenuation

In analytical solutions (Li et al. 2015), the fill material is elas-
tic, and its strength is neglected. However, the strength of the
fill material is actually low, even smaller than the interfacial
strength. The maximum deformation and failure of a filled
joint may occur in the interior of the fill material (Eberhardt
et al. 2005; Miščević et al. 2009). Therefore, the shear strength
of the fill material is considered by assigning the fill materials
to the Mohr–Coulomb model, which behaves plastically. The
shear strength of the fill material is assigned by adding two
strength parameters: the friction angle and cohesion. The other
existing parameters, such as the density and bulk modulus, are
the same as given in Table 1.

Table 1 Properties of the rock material in the UDEC modeling

Rock properties Filled materials properties

Density ρ (kg/m3) 2650 1700

Bulk modulus K (GPa) 40 0.06

Shear modulus G (GPa) 23 0.028

P-wave velocity (m/s) 5160 240

S-wave velocity (m/s) 2950 130
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Fig. 3 Validation of S-wave propagation across a filled joint: a incident wave, b transmitted wave with τs = 1.4 MPa, c transmitted wave with
τs = 5.6 MPa, d transmitted wave with τs = 10.5 MPa

 249 Page 4 of 12 Arab J Geosci  (2017) 10:249 



The shear strengths of the fill material and the interface are
denoted as τsm and τs, respectively. To simplify the descrip-
tion, the ratio of τsm to τsf is denoted as i. To study the effects
of τsm on S-wave propagation, i is assigned three values: 0.5,
1, and 2. Similar to the theoretical analysis, the corresponding
values of τsf are 1.4, 5.6, and 10.5 MPa. For a given value of
τsf, τsm is set to one of three values (e.g., when τsf is 1.4 MPa,
the τsm values are 0.7, 1.4, and 2.8 MPa). The filled thickness
is 3 mm, and the incidence is the same as that in BVerification
of UDEC modeling of S-wave transmission across a planar
filled 104 rock discontinuity^ section. The various transmis-
sion waves i for the elastic fill material and plastic fill material
subjected to different shear strengths are shown in Fig. 4.

When the fill material is elastic, for a given incidence with
an amplitude of 1 m/s, the transmitted waves of the filled joint
with a lower shear strength will be cut off, e.g., τsf = 1.4,
5.6 MPa. The cut-off period of the transmitted waves remains
unchanged and is not affected by the incident wave, meaning
that joint slip occurs or that the joint is in slip mode. Li et al.
(2015) concluded that the threshold sliding or cut-off value for
the transmitted wave across joints with elastic fill material is
equal to τs/zs, where τs denotes the shear strength of the filled
joint and is equal to τsf for the elastic fill. Therefore, the peak
values of the transmitted wave for τsf = 1.4 and 5.6 MPa are
0.18 and 0.72 m/s, respectively. When the shear strength is
10.5 MPa, the filled joint may be prevented from slipping
before the incident wave is smaller than 1.35 m/s; thus, for
an incident amplitude of 1 m/s, the transmitted wave is not cut
off, and filled joint slippage does not occur.

However, after the fill material changes to the Mohr–
Coulomb model, the filled joint shear strength (τs) is con-
trolled by both τsf and τsm. Figure 4 illustrates that the plastic
property of the fill material has no influence on the cut-off
value of the transmitted waves for τsm values higher than τsf
(i = 2), meaning that the fill can be taken as an elastic material
when its shear strength is considerably greater than the shear
strength of the discontinuous interface.

However, when τsm is equal to or smaller than τsf, τs is
smaller than the lower of the two shear strengths (τsf and
τsm). As shown in Fig. 4, when τsf is 10.5 MPa and i is 0.5
(τsm is 5.25 MPa), the transmitted wave is cut off, and its peak
value is approximately equal to 0.55 m/s, which is smaller
than τsm/zs (0.675 m/s). When the transmitted wave is cut off
and slippage occurs, the peak values of the transmitted waves
of i = 0.5 and 1 are notably smaller than those of i = 2 and the
elastic fill material; for i = 1, the peak value of the transmitted
wave is approximately 0.8 times that of the elastic fill material.

The phenomenon discussed above reveals that the plastic
deformation of the fill material does not affect wave propaga-
tion when the shear strength of the fill is greater than that of
the interface. However, when the shear strength of the fill is
less than or equal to the interfacial shear strength, the shear
strength of the overall filled discontinuity is substantially

reduced, and S-wave attenuation is more serious. In this case,
more energy is absorbed and reflected, and most of the defor-
mation appears inside the fill material rather than in the joint
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Fig. 4 Transmission waves of an S-wave across a filled discontinuity
considering the shear plastic deformation of the fill for different shear
strengths: a τsf = 1.4 MPa, b τsf = 5.6 MPa, c τsf = 10.5 MPa

Arab J Geosci  (2017) 10:249 Page 5 of 12  249 



interface. In the following study, the shear strength of the fill
material is considered and set as equal to the interfacial shear
strength.

UDECmodeling of S-wave attenuation across a filled
discontinuity with roughness

The typical scheme of the filled joints is shown in
Fig. 1. For a given filled joint, the shear mechanical
behavior depends on the degree of roughness. In the
past, some laboratory tests on the shear behavior of
filled joints have been conducted under direct shear test
conditions (Goodman et al. 1968; Indraratna and Haque
1997; Indraratna et al. 2005; Jahanian and Sadaghiani
2015; Kutter and Raunterberg 1979; Lama 1978;
Papaliangas et al. 1993; Pereira 1997). All of these
studies concluded that the effect of filled thickness on
the shear behavior of rough, filled joints is closely re-
lated to the joint surface geometry. In these investiga-
tions, the parameter t/h was defined as the ratio of the
filled thickness (t) to the asperity height (h) of the joint
surface (Fig. 1).

When the thickness is sufficiently large, such as
twice the asperity height (t/h is equal to 2) (Goodman
et al. 1968), no direct contact occurs between the two
joint walls; thus, the shear behavior of the joint is main-
ly dominated by the fill materials. There is a critical
value of t/h; when this value is exceeded, the shear
behavior of the filled joints mainly depends on the type
of fill material, such as sand, clay, or kaolin clay, and
the hardness of the rock material (Goodman et al.
1968). Although the critical value of t/h varies with
the properties of the fill and the rock, all of these re-
sults show that the interaction between the geometry of
the joint surface and the filled thickness crucially affects
the shear mechanical behavior of a filled discontinuity.
In addition, the asperity can also induce S–P conversion
when an S-wave is propagated across a rough interface.
Therefore, the profile of the filled discontinuity notably
affects wave propagation across a rock mass, especially
for a shear wave that vibrates along the shear direction,
perpendicular to the propagation direction. However, the
interaction of the filled thickness and the asperity of the
joint surface is so complex that analytical solutions are
impossible to calculate and experiments are difficult to
conduct. Therefore, numerical modeling is an appropri-
ate method for investigating this complex effect.

In previous studies, the transmission and reflection coeffi-
cients have been defined by the amplitudes of particle velocities
(Cai and Zhao 2000; Zhao et al. 2006). However, in contrast to
the elastic model, the Coulomb slip model may cause the trans-
mitted wave to be cut off. The cut-off waveform of the

transmitted wave is unimpaired by the incident wave (Li et al.
2015). Therefore, the transmission coefficient is defined by
wave energies instead of particle velocities (Zhao et al. 2008):

T ¼ Etr= Ein

¼ ∫t
0
tr

t0tr
zs vtrð Þ2dt

� �
= ∫t

0
in

t0in
zs vinð Þ2dt

� �
¼ ∑

j¼t1tr

j¼t0tr

zs vtrð Þ2Δt

 !
= ∑

j¼t1in

j¼t0in

zs vinð Þ2Δt

 ! ð1:1Þ

where T is the transmission coefficient, the subscripts Btr^ and
Bin^ denote the transmitted wave and incident wave, respective-
ly; Etr and Ein are the transmitted and incident energy, respec-
tively, vtr and vin are the particle velocities of the transmitted and
incident waves, respectively; t0tr and t1tr are the initial time and

final time of the incident wave, respectively; t0in and tlin are the
initial time and final time of the incident wave, respectively, and
zs is the S-wave impedance, which is equal to the product of the
medium density and the S-wave velocity.

As in most laboratory experiments, the asperities are sim-
ulated by a sawtooth subjected to different asperity angles.
The UDEC model (Fig. 2), the rock material properties, and
the incident S-wave are the same as those in the BModel ver-
ification^ section. In this case, the asperity angle varies, and
the shear strength of the fill material is determined according
to theMohr–Coulombmodel and is fixed at 5.6MPa, which is
equal to the interface shear strength. The asperity is generated
by a programwritten in the Fish language. As noted above, the
normalized parameter t/h is widely used to describe the effect
of filled thickness and surface roughness on the shear behavior
of the filled discontinuity. The value of t/h varies from 0.25 to
2.5 in this research. The asperity height in the present model is
fixed at 0.04 m, whereas the filled thickness varies from 0.01
to 0.1 m. To study the combined effect of the filled thickness
and asperity angle, for a given t/h, the asperity angle is denot-
ed asα and varies from 0° to 45°. In addition, the amplitude of
incidence Ain is also considered because the amplitude of the
incidence angle may affect the deformation of the filled joint.

Results and discussion

Effect of the filled thickness on the transmitted waveform

Figure 5 shows the transmitted waveforms at different filled
thickness. Comparing Fig. 5a, b reveals that the effect of filled
thickness on the transmitted waveform is related to the asper-
ity angle. When α = 0°, i.e., the rock interfaces of the discon-
tinuities are planar and smooth, the transmitted waveforms
change to not being cut-off, and the amplitudes of the trans-
mitted wave decrease with increasing filled thickness. The
transmitted waveforms for α = 40° are all approximately a
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cycle of the sinusoidal wave, but the amplitudes decrease with
increasing filled thickness.

When the thickness is sufficiently large, the transmitted
waveform is no longer cut off, which means that slippage or
discontinuous displacement does not occur. However, Li et al.
(2015) concluded that the maximum value of the transmitted
wave when sliding occurs depends on the interfacial shear
strength but is unrelated to the joint thickness. This conclusion
was obtained because the maximum filled thickness of the
theoretical calculation in that study was 1 cm, whereas in the
present study, it is extended to 10 cm, representing a weak
intercalated layer or fault. This difference explains the differ-
ent conclusions reached by the two studies. Either the cut-off
transmitted wave or slippage does not occur when the filled
thickness increases to 4 cm. When an S-wave propagates
across a rock discontinuity filled with thicker material, the

entire fill material deforms continuously and produces more
strain energy, most of which is absorbed and reflected; thus,
wave attenuation is more evident. In addition, the multiple
transmissions and reflections occurring between the two inter-
faces of rock discontinuities also affect the type of waveform
transmitted.

Effect of the asperity angle on the transmitted waveform

The roughness and asperity of the interface of rock disconti-
nuities not only change the mechanical shear behavior of the
filled rock discontinuities but also induce S–P-wave conver-
sion when an S-wave propagates (Nakagawa et al. 2000). In
Fig. 6a, the effect of the asperity angle is significant for a
smaller filled thickness (t/h = 0.25). It should be noted that
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Fig. 6 Transmission waves of an S-wave across a filled discontinuity
with asperity, varying the asperity angles subject to different filled
thicknesses: a t/h = 0.25 and b t/h = 2.5
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in the numerical model, the asperity height h is 0 when α = 0°,
while h is fixed at 0.04 m when α is not zero. The parameter t/
h is still used for α = 0° to reveal the connected effect of the
asperity height and the filled thickness. However, in the cal-
culation of t/h for α = 0°, h is set as 0.04mwhile truly equal to
0 in the numerical model. For example, the filled thickness t is
equal to 0.01 when t/h is 0.25 for α = 0°.With increasing
asperity angle, the transmitted waves change to not being cut
off, and the amplitudes increase considerably; therefore, the
asperity interface prevents the filled discontinuity from slip-
ping because the interaction or interlocking among the asper-
ities not only increases the shear strength of the entire filled
discontinuity but also induces S–P-wave conversion.
However, for a larger filled thickness (t/h = 2.5), the asperity
slightly affects the transmitted waveforms. With increasing α,
the transmitted waveforms remain stable with a slightly in-
creasing amplitude. When the filled thickness is sufficiently
large, the transmitted waves depend on the fill material rather
than the profile of the interfaces of rock discontinuities. This
phenomenon can be explained by two aspects. First, when the
filled thickness is sufficiently large, the shear mechanical be-
havior of the filled rock discontinuities is independent of filled
thickness but dependent on the properties of the fill materials
(Goodman et al. 1968; Indraratna and Haque 1997; Indraratna
et al. 2005; Jahanian and Sadaghiani 2015; Kutter and
Raunterberg 1979; Lama 1978; Papaliangas et al. 1993;
Pereira 1997). Second, discontinuity walls are separated by
the fill material, and there is no direct contact between the
interfaces; thus, the effect of S–P conversion induced by the
interaction or interlocking of asperity is not inconspicuous.
Therefore, the effect of the asperity angle on the transmitted
wave is related to the filled thickness. This conclusion is con-
sistent with some previous research on filled joints; for exam-
ple, Indraratna et al. (2005) found that with a thin filled joint,
the stress–strain behavior is influenced by the asperity inter-
ference, whereas for thicker filled joints, the shear strength is
controlled by the fill material alone. Therefore, the wave at-
tenuation mainly depends on the fill material when t/h exceeds
a critical value, whereas for a thinner filled discontinuity, the
combined effect of the fill material and the joint surface rough-
ness profile determines the S-wave attenuation.

Effect of the asperity angle and filled thickness
on the transmission coefficient

To better observe the effect of the filled thickness and wall
asperity on S-wave attenuation, the variation of the transmis-
sion coefficient T with asperity angle and filled ratio (t/h) is
studied, as shown in Fig. 7a, b, respectively. In general, T
increases with increasing asperity angle and decreases with
increasing t/h. The effect of the asperity angle on T is notable
for small t/h, whereas T is essentially constant with varying α
for a thicker fill material (t/h = 2.5). This phenomenon also

coincides with the results in BEffect of the asperity angle on
the transmitted waveform^ section, and therefore occurs for a
similar reason. The refinement research on Fig. 7a reveals that
when t/h ≤ 1, the variation of T can be divided into two similar
linear phases by a critical value αcr: slow increasing and fast
increasing. However, the critical value increases with increas-
ing t/h because the interaction or interlocking of the asperity
and the frictional resistance of the convex wear and cut of the
asperity appear for a large asperity angle when the filled joint
is thicker.

Effect of the incident wave amplitude on the transmitted
waveform

As noted above, there is a critical value (vcr) of the incident
amplitude for planar and smooth filled rock material; above
this value, slippage occurs, and the transmitted wave is cut off.
When the fill material is elastic, the peak velocity of the cut-
off transmitted wave and the critical value vcr are both equal to
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τs/zs. However, the two values are smaller when the plastic
deformation of the fill is considered. The transmitted wave is
clearly related to the incident amplitude; thus, a normalization
parameter called the shear stress ratio ξ is defined as vmax/vs,
where vmax is the incident wave amplitude and vs is equal to τs/
zs. This value is used to investigate the effect of the incident
amplitude on wave attenuation under different asperity angles.
For a given asperity angle, ξ varies from 0.5 to 4.5, whereas
the frequency and duration are the same as in BEffect of the
filled thickness on the transmitted waveform^ section. The
asperity angle is varied from 0° to 30° to investigate the com-
bined effect of the asperity and incident amplitude while t/h is
fixed at 1. The other mechanical properties of the rock and fill
are the same as in BEffect of the filled thickness on the trans-
mitted waveform^ section.

As shown in Fig. 8, the asperity angle affects the relation
between the transmitted wave and incident amplitude. When

the asperity angle is 0°, as ξ increases to 1.5, the transmitted
wave changes from a sinusoidal wave to being cut off, and the
amplitude of the cut-off transmitted wave remains unchanged.
However, when the asperity angle is 30°, the transmitted wave
is cut off as ξ increases to 2, and the amplitude continues to
increase as ξ increases. There are two reasons for this phenom-
enon. First, when the S-wave propagates normally across a
filled rock discontinuity with asperity, S–P-wave conversion
occurs, i.e., transmission and reflection P-waves are produced
in addition to the S-wave, and the superposition of these
waves changes the transmitted waveform. Second, the S-
wave induces the y direction deformation of rock discontinu-
ities, and the interaction, interlocking and wearing effects of
asperity change the shear strength and stress–displacement of
rock discontinuities; thus, the transmitted waveform is influ-
enced by the asperity.

Effect of the incident wave amplitude on the transmission
coefficient

Figure 9 reveals the important effect of the asperity angle on
the relationship between T and ξ. For planar rock discontinu-
ities (α = 0°), as ξ increases from 0.5 to 1, T remains stable
because the incident amplitude is sufficiently small that the
filled rock discontinuity is linear elastic; as ξ increases from 1
to 1.5, T decreases slightly; and when ξ ≥ 1.5, T decreases
sharply, meaning that the rock discontinuities slip and that the
incident energy is mainly reflected and absorbed. However,
for a larger asperity angle, T is more sensitive to the incident
amplitude because of the S–P-wave conversion, the mechan-
ical effect of the asperity surface, and the wearing resistance of
the convexity. Therefore, for α = 30°, T decreases as ξ in-
creases from 0.5. When ξ ≥ 1.5, T also decreases sharply,
resulting in slippage and unrecoverable deformation.
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Next, the deformation of rock discontinuities was studied
with varying incident amplitude to investigate the influence of
filled rock discontinuities with or without asperity on S-wave
propagation.

Because the previous results show that filled rock discon-
tinuities are more sensitive to the incident amplitude, Fig. 10
shows the plastic zone distribution for filled rock discontinu-
ities with asperity angles of 0° and 30° varying with ξ. The
results are converted by a converter program from UDEC to
Tecplot to obtain detailed information on the plasticity indica-
tors of the fill material in the wave propagation and to improve
the appearance of the figures. The following results are ob-
tained from Fig. 10.

When ξ = 0.5, i.e., the incident amplitude is far less than the
shear strength of the filled rock discontinuities, there are no
plastic zones for the fill material with or without asperity.
However, the transmission coefficient increases with increas-
ing asperity angle, which shows that the asperity angle not
only affects the stress–displacement of rock discontinuities
but also induces the S–P conversion. If the filled rock discon-
tinuity is regarded as a whole to consider its stress–displace-
ment, then its stiffness increases considerably with increasing
asperity angle.

When ξ increases to 1, the fill material is elastic for a
smooth interface, whereas for a rough interface, plastic zones
that are dispersed around the sharp convexity appear because
of the stress concentration. Thus, the transmission coefficient
for rock discontinuities with a smooth interface is unchanged,
whereas that of α = 30° begins to decrease.

When ξ increases to 1.5, the fill of the rock discontinuity
with smooth interfaces appears to yield; thus, T begins to
decrease. The plastic zones of the rock discontinuity with
rough interfaces expand to a greater range, and then, T

decreases rapidly. Although the yield zone is large, the plastic
flow may not be considerable because no clear stress concen-
tration is observed; when the incident amplitude is not large,
the plastic zone is large, but its hold time is short. Thus, the
plastic deformation is small, and the decrease in the amplitude
of T is slight.

As ξ continues to increase, the plastic zones for the fill
material with or without asperity both increase considerably;
thus, T decreases sharply.

The effect of asperity on S-wave attenuation can be ex-
plained based on the deformation of the filled rock material.
The asperity of the interface not only changes the displace-
ment–stress relationship and enhances the equivalent shear
stiffness of the whole discontinuity but also heightens the
sensitivity to the incident amplitude for the stress concentra-
tion induced by the sharp asperity.

Conclusions

When stress wave propagation across a rock mass encounters
various types of discontinuities, the wave attenuation is main-
ly controlled by the rock discontinuity. Fill materials with low
strength always increase the attenuation. Compared with com-
pressive normal deformation, the shear deformation and shear
strength of a rock discontinuity are more important to the
mechanical behavior of the rock mass. Therefore, evaluating
the S-wave attenuation across a filled discontinuity is signifi-
cant in geotechnical engineering applications, such as the sta-
bility analysis of underground construction and slopes under
explosive waves and seismic waves. The asperities of the in-
terfaces between the discontinuities not only change the
stress–displacement relationship of the discontinuity but also

(a) α=0°

(b) α=30° 

At yieldFig. 10 Plastic zone dispersion in
wave propagation for different
asperity angles a α = 0° and b
α = 30°
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induce S–P conversion. Because of the complexity of asperity,
limited theoretical analyses of S-wave attenuation propagating
across filled discontinuities with rough interfaces have been
conducted. Based on UDEC, the effects of the filled thickness,
asperity angle, plastic deformation of the fill material and in-
cident amplitude on S-wave attenuation are investigated. The
following conclusions can be drawn from a series of numeri-
cal simulation studies:

1. The fill material can be taken as an elastic material when
its shear strength is far greater than that of the interfaces.
When the shear strength of the fill material is smaller than
that of the interfaces, the transmitted wave is mainly con-
trolled by the fill material. When the strengths of the fill
material and the interfaces are equal, after the transmitted
wave is cut off, i.e., slippage of the discontinuity has oc-
curred, the peak value of the transmitted wave is approx-
imately 0.8 times that of the elastic fill material. In gener-
al, the S-wave attenuation across a filled rock discontinu-
ity is dominated by the weaker of the interfaces and the fill
material.

2. The wave attenuation is more serious for a higher filled
thickness or smoother interface. However, the effects of
filled thickness and asperity on S-wave attenuation inter-
act. When the fill is thin, the wave attenuation is signifi-
cantly influenced by the asperity angle. The transmitted
wave tends to not be cut off, and the transmission coeffi-
cient increases rapidly with increasing asperity angle; this
indicates that the asperity interfaces prevent the filled joint
from slipping and enhance the shear strength of the dis-
continuity. However, when the fill is sufficiently thick,
wave attenuation depends on the fill material rather than
the profile of the interfaces.

3. Compared with smooth and planar filled rock discontinu-
ities, rock discontinuities with rough interfaces are more
sensitive to incident amplitude because of the stress con-
centration of the convexity on the interfaces and the S–P
conversion induced by the asperity. In addition, the
interlocking and wearing of the asperity also change the
stress–displacement relations, which affect the wave at-
tenuation. When the incident amplitude is greater than a
critical value, the transmitted wave is cut off, and the
transmission coefficient decreases sharply. The critical
value of a smooth discontinuity is notably smaller than
that of interfaces with asperity. In addition, for a smooth
discontinuity, the peak value of a transmitted wave that
has been cut off remains constant, whereas that of a dis-
continuity with an asperity interface slightly increases
with increasing incident amplitude.

The present study provides a method for investigating the
influence of a rough, filled rock discontinuity on the S-wave
normal incidence. Further studies can extend this method to

analyze wave propagation across a set of filled joints consid-
ering the joint spatial configuration and incident angle.
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