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Abstract This experimental study proposes a Split Shear
Plates model to investigate the effects of a filled joint on
S-wave attenuation. A dynamic impact is used to create
frictional slip and generate an incident S-wave. The filled
joint is simulated using a sand layer between two rock
plates. Normal stress is applied to the filled joint, and
semiconductor strain gauges are arranged on the two plates
to measure the strain. Verification tests are conducted to
validate the reliability of the experimental results. A series
of tests is performed to investigate the influence of the
normal stress, filled thickness and particle size of the filling
materials on the S-wave propagation. The transmission
coefficients of the filled joints are smaller than those of the
non-filled joints because of the attenuation associated with
the filling materials. Additionally, the transmission coeffi-
cients exhibit a stronger correlation with the normal stress
than with the filled thickness or particle size. The trans-
mission coefficients increase at a decreasing rate as normal
pressure increases.
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1 Introduction

Natural rock masses are often discontinuous because of the
existence of fractures, joints and faults. Open joints are
generally filled with clay, sand and rock debris. These
filling materials may reduce the strength of the rock mass
and affect the deformation behavior of the joints. There-
fore, the filled joints are likely to be the weakest elements
in a rock mass and control the shear behavior of the rock
mass (De Toledo and De Freitas 1993; Indraratna et al.
2010; Barton 2013). When a wave propagates across a
jointed rock mass, the presence of the joints not only
induces wave amplitude attenuation but also decreases the
wave propagation velocity. Therefore, the study of the
wave propagation mechanisms of a filled joint is of great
engineering significance to stability analyses of rock mass.
Based on the displacement discontinuity model (DDM),
the influence of non-filled joints on wave propagation has
been studied using theoretical analysis and numerical
methods (Pyrak-Nolte et al. 1990; Zhao et al. 2006; Li
2013). However, few studies have analyzed the effects of
filled joints on wave propagation, primarily because of the
complexity of the multiple factors. Considering a filled
joint as a thin layer, some researchers (Zhu et al. 2011; Li
et al. 2013) have found that both the filled thickness and the
properties of the filling material are significant for wave
attenuation. In theoretical analysis, both non-filled and
filled joints were simplified without considering various
parameters such as the saturation state, the particle size of
the filling material and the roughness of the joint wall.
Thus, some experimental analyses were performed to study
the interaction between the joints and wave propagation.
Four experimental methods are generally used to study
wave propagation across a joint: the split Hopkinson
pressure bar (SHPB) method, ultrasonic tests, resonant
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column apparatus (RCA) tests and earthquake wave or
blast wave monitoring. The SHPB method is widely used
to analyze longitudinal wave (P-wave) attenuation and the
dynamic mechanical behaviors of samples. SHPB tests
performed by Li and Ma (2009), Fan et al. (2012) and Wu
et al. (2013) showed that the transmitted waves were
affected by various factors such as the particle size, satu-
ration state and thickness of the filling materials and the
sedimentary characteristics of the rock.

Based on the relationships between the rock proper-
ties and the wave velocity, ultrasonic tests were con-
ducted to investigate the effects of joint roughness, joint
direction and joint number on wave propagation
(Kahraman 2002; Zhao et al. 2006; Kurtulus et al. 2012;
Huang et al. 2014). In addition, RCAs and quasi-static
resonant columns (QSRCs) have been used to investigate
long-wavelength wave propagation across a joint by
analyzing the P-wave velocity, S-wave velocity and
damping ratio. RCA-based tests have been used to study
the various factors that affect wave propagation,
including normal stress and gouge (Fratta and Santa-
marina 2002), joint orientation (Sebastian and Sitharam
2015), rough 3D surfaces of naturally fractured rock
(Mohd-Nordin et al. 2014) and roughness and joint
spacing (Perino and Barla 2015).

When an earthquake occurs or when rock is excavated
with explosives, the seismic/blast waves recorded at the
site can be analyzed to understand the wave attenuation in
a jointed rock mass. For example, Chopra et al. (2011) and
Tripathi et al. (2014) studied the relationship between
seismic wave attenuation and the quality factor. Hao et al.
(2001) investigated the effects of joint angle on blasting-
related shock wave propagation by analyzing motions
recorded at different locations. These results revealed the
dependence of the wave frequency and the joint direction
on wave propagation.

However, previous experimental methods are not suffi-
cient for the study of S-wave propagation. The SHPB
method fails to consider S-wave propagation across a joint,
and the amplitudes of ultrasonic waves are much smaller
than those of seismic and blast waves. Moreover, RCA
tests have mainly focused on the damping and wave
amplitude attenuation of the whole sample, and the results
from site records are influenced by both joints and a variety
of complicated factors.

This paper proposes a new experimental apparatus for
assessing S-wave propagation. A new device named the
Split Shear Plates (SSP) apparatus is developed to inves-
tigate the effects of filled joints on S-wave propagation.
Experimental tests are conducted to study the influence of
the fill thickness, the particle size of the filling materials
and the normal stress on the S-wave propagation.
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2 Experimental Setup
2.1 Split Shear Plates Apparatus

The main difficulty associated with studying S-wave
propagation in laboratory experiments is the generation of
an S-wave. Wu and Zhao (2014) proposed a dynamic-
induced direct shear model to investigate the dynamic
triggering of frictional slip. In field tests of S-wave
velocity, an S-wave is generated from the dynamic fric-
tion between a heavy weight and the ground by striking
the weight with a hammer. Next, the S-wave velocity is
attained based on the time interval and corresponding
distance. The Split Shear Plates (SSP) apparatus is
designed based on frictional slip and basic SHPB theory.
The plan view of the test apparatus is shown in Fig. 1a, b.
The SSP apparatus consists of two rock plates (i.e., the
incident plate and the transmitted plate), a normal load
setup, a friction bar made of stainless steel and a dynamic
triggering system.

Both the incident plate and the transmitted plate are
granite rock plates. The two granite rock plates are closely
examined to ensure homogeneity, compactness and the
existence of few visible fractures. Young’s modulus and
shear modulus of the granite plate are 47.3 and 31.5 GPa,
respectively. The density is 2850 kg/m” and the S-wave
velocity is 3324 m/s. The thickness and width of each plate
are 30 and 300 mm, respectively. The lengths of the inci-
dent plate and the transmitted plate are 670 and 630 mm,
respectively. The incident plate and the transmitted plate
are placed on two stainless steel plates to reduce the fric-
tion effects of the supports. Each stainless steel plate is
welded to two rollers, which are set on a track to control
movement in the direction perpendicular to the wave
propagation. The steel plate is 60 mm long, 200 mm wide
and 30 mm thick.

Normal load is applied using a hydraulic pump at the
end of the transmitted plate. The normal stress is held
constant during the experiment and the maximum stress
reaches 10 MPa. A piece of highly flexible rubber is placed
between the transmitted plate and the normal load to uni-
formly distribute the normal stress.

2.2 The Dynamic Triggering System

The dynamic triggering system is composed of a roller
support, a bullet, a compression spring and a controlled bar
(Fig. 1b). Two compressed springs with a stiffness coeffi-
cient of 10 N/mm are used to generate pulse loading, which
can be changed by adjusting the compressed lengths of the
springs. The springs are controlled by a controller bar and
can be released instantaneously. The friction bar is a
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Fig. 1 Split Shear Plates model. a Schematic diagram of the design principle and b the plan form of the test apparatus: (i) the dynamic loading

device, (ii) semiconductor gauge and (iii) normal stress loading device

cuboid with dimensions of 10 mm x 10 mm x 600 mm.
The rolling friction coefficient of the roller support of the
frictional bar is approximately 0.001, whereas the friction
coefficient of interface 1 between the frictional bar and the
incident plate is larger than 0.3. For a normal load of up to
20 kN, the maximum frictional force from the roller sup-
port is approximately 20 N, whereas that of interface 1 is
larger than 6 kN. Thus, the friction force from the roller
support of the frictional bar can be neglected because the
rolling friction is much smaller than that generated by
interface 1.

Similar to field tests of the S-wave velocity, an S-wave
is generated using dynamic friction between a friction bar
and the incident plate. The dynamic slip of the friction bar
is induced by an impact event between a bullet and the
front end of the friction bar. This impact creates dynamic
friction at the interface between the incident plate and the
friction bar. The left side and the underside of the friction
bar are smooth planes, and the friction effect of the sup-
ports is eliminated by a pair of rollers. However, the right
side of the friction bar, which is the surface in contact with
the incident plate, is roughened to increase the friction.
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2.3 Measurement and Acquisition

The incident wave and transmitted wave are measured by
strain gauges located on the incident plate and transmitted
plate, respectively. Normal strains cause dimensional
changes in a strain gauge grid, changing its electrical
resistance. However, a strain gauge does not directly
respond to shear strain because shear strain merely rotates
the grid. Based on the laws of elasticity, shear strain can be
calculated from the normal strain and the angles of two
strain gauges. When the gauge axes of a two-gauge 90°
rosette are aligned with the principal axes, the half-bridge
strain gauge measurement in a Wheatstone bridge circuit is
numerically equal to the shear strain (Perry 1969). Thus,
the shear strain waves are measured using a pair of strain
gauges located at 45° angles to the direction of S-wave
propagation [Fig. 1b(ii)].

Moreover, conventional strain gauge cannot be used in
this experiment because the shear strain signals generated
by the dynamic friction are smaller than 20 pe. Thus,
semiconductor strain gauges with high sensitivity are used
to measure the incident wave and the transmitted wave.
The sensitivity coefficient of the semiconductor strain
gauges is 100, which is approximately 50 times higher than
that of a resistive strain gauge. In addition, a dynamic strain
indicator and an oscilloscope are used to record the strain
time with a sampling rate of 10° Hz.

3 Verification Experiment

This study focuses on the influence of filled joints on a
normally propagating S-wave by assuming the S-wave to
be a one-dimensional wave. The deformation of a joint
filled with a thin sand layer is considered homogeneous,
and the S-wave in this study is a plane wave; thus, the
waveforms recorded at the same wave front are approxi-
mately the same. Consequently, strain gauges IS1, 1S2, IS3
and IS4 are glued to the incident plate, and strain gauges
TS1, TS2 and TS3 are glued to the transmitted plate per-
pendicular to the wave propagation direction at the same
wave front, as shown in Fig. 2. The strain gauges are
placed away from the edge of the plate to eliminate con-
centrated stress effects.

When a wave propagates through a rock mass, energy
may be absorbed by the internal pores and micro-cracks in
the mass. This attenuation induced by the rock plate itself
may cause errors when analyzing the effects of the filled
joints. Therefore, four strain gauges, named A, B, C and D,
are positioned at the center of the plate in the direction of
wave propagation to determine whether attenuation is
caused by only the filled joint. Because the granite plates
used in this experiment are not very long, the incident pulse
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and the reflection pulse may overlap, inducing inaccurate
calculations such as wave amplitude and frequency. Thus,
based on one-dimensional wave propagation theory, the
wave separation method is adopted to obtain the incident
wave and reflection wave before verifying the wave
attenuation.

3.1 Plane Wave Verification

The strain—time responses recorded by strain gauges IS1-
IS4 at different positions are nearly identical, as shown in
Fig. 3. Although there are some differences, the head
waves of the four sets of strain gauges IS1-IS4 approxi-
mately formed a series of half-sinusoidal waves with a
frequency of 6 kHz. The waveforms became irregular after
that time. This phenomenon might be caused by the
superposition of the incident and reflection P-waves in the
friction bar or vibration of the support. Although a P-wave
is generated in the friction bar, the S-wave generated by the
dynamic slip is the focus of this study. This study mainly
focuses on methods of laboratory testing the S-wave and
the attenuation of the S-wave. The stress caused by the
secondary waves appears to be complicated and has not
been considered (Wu et al. 2013). The strain—time
responses recorded by strain gauges TS1-TS3 are not
sinusoidal waves. However, the amplitude and frequency
are almost identical. It should be noted that the incident
wave and the transmitted wave are not accurate plane
waves because the S-wave is scattered along the two
interfaces. Therefore, the shear strain is inhomogeneous
along the interfaces. This inhomogeneity would gradually
become smaller with the wave propagation along the
incident plate and the transmitted plate. The farther away
from the two interfaces, the smaller the inhomogeneity and
the closer to the plane wave; thus, the waves in the middle
of the plate are approximated and considered as plane
waves.

3.2 Wave Separation

Zhao and Gary (1997) presented a two-gauge measurement
method for correcting wave dispersion effects. Wave
propagation was analyzed using the SHPB method with
different pressure bar materials based on the wave sepa-
ration method (Meng and Li 2003; Li and Ma 2009; Wu
et al. 2013). It should be noted that the wave velocity in the
present calculation is the S-wave velocity rather than the P-
wave velocity. Based on the theories presented in previous
studies, wave separation using two-point measurements of
strain and particle velocity is described in detail. The dis-
tance between strain gauges M1 and M2 is assumed to be
Iy, and the strains directly recorded by these gauges are ¢,,;
and ¢,,,, respectively. These variables represent the strain
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can be separated and expressed using a time-shifting
function:

where Ar = Iy /c; is the time interval between strain gauges
M1 and M2. Therefore, wave separation is performed by
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analyzing the measurements of strains gauges B and C or
strains gauges B and D.

The incident waves, reflection waves and original
measurements recorded by strain gauges B, C and D are
shown in Fig. 4. The approximate half-sinusoidal incident
wave after wave separation is the same as the initial
measurement at gauge B, i.e., the superposition of the
primary part of the wave recorded by gauge B can be
neglected. However, the differences between the descend-
ing portions of the incident waves and the initial mea-
surements of strain gauges C and D are more apparent;
therefore, superposition occurs and should be considered at
strain gauges C and D.

The primary part of the measurement recorded by strain
gauge B can be considered the incident wave, and it is used
in the following analysis. Wave separation does not need to
be performed for the transmitted wave because the distance
between strain gauge TS2 and the end of the transmitted
plate is sufficiently large.

3.3 Wave Attenuation of the Rock Plate

Verification tests of strain gauges A, B, C and D are per-
formed to investigate the effects of the inner pores and
micro-cracks of the rock plate on wave attenuation. As
shown in Fig. 5, the primary parts of the original waves
recorded by strain gauges A, B and C in different positions
are similar. The strain—time response recorded by strain
gauge D differs from the measurements of the other three

Strain gauge B

—— the original measurements
10 | =—O— Incident wave
—/— Reflection wave

-10+
Strain gauge C

[Strain gauge D

0 100 200 300 400 500

Time (us)

Fig. 4 Wave separation results based on the strain gauge locations
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because of the short distance between strain gauge D and
the edge of the incident plate, where the incident and
reflection waves overlap. The similar incident waves of the
four strain gauges after wave separation further verify this
conclusion. The analogous waveform and amplitude indi-
cate that attenuation and distortion can be neglected for the
S-wave propagation.

4 SSP Tests and Results

This study investigates the role that filled joints play in
S-wave propagation, and tests of non-filled joints are per-
formed for comparison. River sand formed through the
interactions of water and natural stones is used in the
experiment. The main component of the river sand is silica,
which contains a small amount of mica. Sand layer thick-
nesses of 3, 4 and 5 mm are used to investigate the influ-
ence of filled joint thickness on wave attenuation.
Furthermore, as shown in Fig. 6, two sand layers with
different particle sizes, 0.075-0.25 mm and 0.5-1.0 mm,
are used to simulate different filling materials. The two
surfaces of the joint, used as end planes of the incident
plate and the transmitted plate, are processed using a cut-
ting machine. The joint walls are smooth planes without
apparent roughness. Barton and Choubey (1977) proposed
a parameter, the joint roughness coefficient (JRC), to
describe the joint wall asperity. Based on the back analysis
of the conventional shear box tests, the JRC in this study is
approximately 0.4, indicating that the joint can be seen as a
smooth plane joint.

An oil pump is used to control the normal load. To
eliminate the errors induced by Jack piston friction and oil
path length, calibration tests are conducted to obtain the
relationship between the actual normal load F,, (unit: kN)
and the pressure gauge reading o, (unit: MPa). The cali-
bration curve is shown in Fig. 7, and the relationship
between F,, and o, can be expressed as follows:

o, = —0.4 + 0.20173F, (2)

The width and the thickness of the incident plate and the
transmitted plate are 300 and 30 mm, respectively. The
normal stress on the two plates can be converted as
follows:

o =F,/(0.3 % 0.03)/10° = (4.957a, + 0.1983)/0.009
=0.550, 4+ 0.022

(3)

Thus, for a given thickness and particle size of the sand
layer, the normal stresses on the sand layer can be calcu-
lated using Eq. (2). In particular, the normal stresses
applied to the sand layer are 0.6, 1.1, 1.6 and 2.2 MPa
when the hydraulic pump produce loads of 1, 2, 3 and
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4 MPa, respectively, in this experiment. The interfaces
between the two granite bars are smooth and exhibit solid
contact. Overall, 32 groups of tests are performed.

4.1 Effects of Normal Stress on the Waveform

As an important characteristic of geotechnical engineering
such as high slope and deep underground construction,
crustal stress affects not only the mechanical behavior of
rock blocks but also the mechanical properties of the rock
joints, such as the shear strength and the shear deformation
characteristics. Consequently, normal stress is applied in
the tests to simulate the influence of crustal stress on
S-wave propagation.

0.5mm-1mm

In the SSP model, two interfaces are affected by the
normal stress, ,. One is the contact surface between the
friction bar and the incident plate, which is used to generate
the S-wave. The other is interface 2 between the incident
plate and the transmitted plate, which is treated as the joint
wall. If no filling materials are used, the incident plate and
transmitted plate make direct contact. In this case, the
interface is considered a non-filled joint plane with an
insignificant surface profile.

Increasing normal stress increases the friction at the
interface and induces a large release of shear strain energy
under external perturbations, i.e., the amplitudes of the
incident S-wave and the transmitted wave increase as the
normal stress increases. As shown in Fig. 8, when the
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50 - increment rate gradually decreases. For example, as o
increases from 0.6 to 1.1 MPa, T increases by approxi-
< mately 102% for the filled joint with a thickness of 3 mm
E “or and by 46.7% for the non-filled joint. However, when ¢
\b* increases from 1.6 to 2.2 MPa, T increases by 12.8% for
2 sl the filled joint with a thickness of 3 mm and by 10.7% for
§ the non-filled joint. Accordingly, the relationship between
?:;n T and o is regressed using the following hyperbolic
En 20 function:
3 T = A16,/(As + 6,) (4)
1 m  Test data
So10r Fitting curve o=-0.04+0.20173F where A; and A, are the curve-fitting coefficients. The
= values of these coefficients are given in Table 1 for dif-
o . . . . . ferent cases. A peak T value may exist for each case as ¢
0 40 80 120 160 200 increases, and this peak value is equal to A; when o is

The actual normal load F /kN
Fig. 7 Calibration curve of the oil pump

normal stresses increase from 0.6 to 2.2 MPa, the ampli-
tudes of the incident wave increase from 4.2 to 16.3 pe for
the non-filled joint and from 3.2 to 15.7 pe for the filled
joint. For transmitted waves, the amplitude increases from
1.7 to 14.3 pe for the non-filled joint and from 0.8 to 8.5 pe
for the filled joint. The amplitudes of the transmitted wave
increase approximately tenfold as the normal stress
increases. The amplitude increase in the transmitted wave
is much larger than that of the incident wave, suggesting
that increasing normal stress increases the S-wave
transmission.

For the non-filled joint, increasing the normal stress
increases the contact stress at the interface between the two
rock walls, increasing both the friction force and the shear
stiffness. For the filled joint, the normal stress not only
changes the contact stress at the interface between the rock
and the filling materials but also affects the shear
mechanical behavior of the filling materials by increasing
the compactness of the filling materials and decreasing the
porosity of the granular matrix. These results suggest that
the effect of the crustal stress on S-wave propagation
cannot be neglected.

4.2 Effects of Normal Stress on the Transmission
Coefficient

The transmission coefficient T is defined as the ratio of the
amplitude of the primary parts of the transmitted wave to
that of the incident wave. The transmission coefficients, 7,
for filled joints with two different filling materials and a
non-filled joint are shown in Fig. 10. The experiment
results indicate that 7 increases as ¢ increases, which is
attributed to the constraint effect of ¢ on the attenuation. T
increases nonlinearly with increased . However, the
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sufficiently high. In other words, for S-wave propagation, a
filled joint may reach an upper limit under extremely high
normal stress. For a non-filled joint, the value of A; is 1.08.
This value does not suggest that the amplitude of the
transmitted wave is larger than that of the incident wave;
however, it implies that the influence of the non-filled joint
on wave propagation may decrease at a high normal stress.
The values of T for the filled joints are approximately
35.6-54.5% smaller than those of the non-filled joint. The
A, of filled joints are approximately 9.3—44.5% smaller
than those of non-filled joints, confirming the larger
attenuation of filling materials.

4.3 Effects of the Filled Thickness

The amplitudes of the transmitted waves are much smaller
for the filled joint than for the non-filled joint, although no
apparent discrepancy is shown between the incident wave
amplitudes for the filled joint and non-filled joint, as shown
in Fig. 9. In addition, the jump time #;, which is the critical
time of the strain changed from 0. The #; of the transmitted
waves for the filled joint is later than that of the non-filled
joint, suggesting that the filling material delays S-wave
propagation. The filling materials exert two main influ-
ences on wave propagation. First, filling materials change
the contact status of the joint, generally decreasing the
friction angle and the shear stiffness of the joint and
enhancing the attenuation of the S-wave. Second, the filling
materials increase the propagation time. For the filled joint,
the shear mechanical behavior of the filling materials is
important for wave propagation. The slip failure of the
filled joint may occur internally in the filling materials or at
the interfaces between the filling materials and the rock
wall. The results demonstrate both that the filled joints
absorbed more energy and that rock masses with filled
joints have poor stability (Fig. 10).

As one of the characteristic parameters of a filled joint,
filled thickness is important for determining the mechanical
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Table 1 Values of curve-fitting

coefficients for different cases Curve-fitting coefficients Non-filled Fine particle Coarse particle
3 mm 4 mm 5 mm 3 mm 4 mm 5 mm
A 1.08 0.98 0.79 0.78 0.67 0.64 0.6
A 0.89 2.52 1.81 1.84 0.98 14 1.5

Fig. 9 Incident and transmitted 20 :
waveforms with various filled r
thicknesses

10 - A=149pe A =11.1pe

T T T T T T

Non-filled joint

210 -
-20 :

10 ;AI=13.2}18

‘ ,
A =6.0pe

| L | L | L

2 :

Shear strain(ue)

T
L A=14.4pe A =5.8pe

behavior of a filled joint. For the filled joints in this
experiment, the waveforms are similar at different fill
thicknesses. For g, = 1.6 MPa and fine particles, the
amplitudes of the transmitted waves decrease from 6 to 5.0
pe as the fill thickness increases from 3 to 5 mm. The
results indicate that thicker fills result in greater absorption
of energy and more severe wave attenuation. Li (2013) and
Li et al. (2013) found that as the fill thickness increased
from 3 to 5 mm, the transmission coefficients of P-wave
propagation decreased by almost 100%. In this study, under
the same normal stress, the max value of T decreases by
less than 50% as the fill thickness increases, as shown in
Fig. 11. One reason for the smaller effect of filled thickness
is that the filled joint in the experiment featured planar
walls and therefore did not consider asperities or rough-
ness. In addition, the influence of thickness on S-wave
propagation is weaker than that on P-wave propagation
because the propagation direction of the wave is different.
The force direction is along the material thickness when
one-dimensional P-wave propagation occurs across the
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200 400 600 800

Time/ps

filled joint, whereas the stress direction of the S-wave is
perpendicular to the direction of the fill thickness.

4.4 Effects of the Particle Size

The particle size of the filling materials is also a charac-
teristic parameter of a filled joint, and existing studies of
wave attenuation across filled joints have not considered its
effect. The particle size not only significantly affects the
physical characteristics (such as wave velocity, porosity
and density) of the filling material but also affects the shear
mechanical behavior (such as the frictional angle and the
shear strength) of the filling material. In addition, particle
size has important effects on the contact characteristics of
the interface between the rock wall and the fill, such as the
contact area and the frictional force. The relationship
between the fill thickness and different normal stresses for
two particle sizes is shown in Fig. 11. The transmission
coefficients of the coarse particles are slightly smaller than
those of the fine particles, especially at larger normal
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stresses. The values shown in Table 1 also illustrate that
the values of A; are larger for fine particles; thus, the
attenuation of the S-wave across a joint filled with coarse
particles is greater than that across a joint filled with fine
particles. This phenomenon maybe explained as follows.

Coarse particles with strong contacts can form a skele-
ton for wave propagation, whereas fine particles can easily
flow and consume much more energy. It seems that more
attenuation should have occurred when a wave propagates
across a joint filled with fine particles, which seems to
conflict with the test results. However, the porosity of
coarse particles is larger than that of fine particles, and the
contact area between coarse particles and rock walls is
smaller. These features result in the occurrence of more
attenuation in the joint filled with coarse particles, as
shown in Fig. 11. Moreover, fine particles are more likely
to undergo compression associated with the production of a
certain amount of cohesive strength, further promoting the
propagation of stress waves. This result is also consistent
with the conclusion drawn by Gui et al. (2016).

5 Conclusions

This study introduces the SSP model to investigate the
effects of normal stress, fill thickness and the particle size
of filling materials on S-wave propagation. The SSP model
has some limitations. For example, the amplitude of the
incident wave is too small to induce failure of the filled
joint, and the secondary wave behind the primary part of
the wave is not taken into account. Moreover, the incident
wave and the transmitted wave are not accurate plane
waves. Despite these limitations, the SSP model provides a
possible solution to investigate S-wave propagation across
a filled joint or an unfilled joint using laboratory tests. In
addition, the effects of normal stress can be considered.
Conclusions from this study can be drawn as follows:

1. The incident waveforms are an approximate series of
half-sinusoidal waves. For a given normal stress, the
transmission coefficients of the filled joints are
9.3-44.5% smaller than those of the non-filled joints,
illustrating the strong attenuation effect of the filling
materials and verifying the negative effect of filled
joints on the rock mass stability.

2. In natural rock masses, crustal stress is a geological

condition that is important for wave attenuation. In the
SSP model, crustal stress is simulated as normal stress.
The increasing normal stress increases the contact
stress of the two interfaces for no filled joint,
increasing both the friction force and the shear
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stiffness. For the filled joint, the normal stress not only
changes the contact stress but also affects the shear
mechanical behavior of the filling materials by com-
pacting the filling materials.

3. As the normal stress increases, the amplitudes of the
incident wave and transmitted wave increase, and the
transmission coefficients increase nonlinearly. A
hyperbolic expression can be derived to describe the
relationship between the transmission coefficient and
the normal stress. Moreover, the transmission coeffi-
cient may have an upper limit when the normal stress
is sufficiently large. For a filled joint, the upper limit is
related to the fill thickness and the particle size. For a
non-filled joint, the upper limit is close to 1, suggesting
that S-wave transmission in a non-filled joint may
decrease when the normal stress is sufficiently large.

4. The transmission coefficient decreases slightly when
increasing fill thickness for a given normal stress and
filling materials. For a plane-filled joint, the effect of
the fill thickness on S-wave propagation is not as
obvious as that on P-wave propagation because the
S-wave propagation direction is perpendicular to the
fill thickness direction.

5. For a given normal stress and fill thickness, the
transmission coefficients of the coarse particles are
slightly smaller than those of fine particles. This
difference is greater under large normal stresses
because the coarse particles have greater porosity and
smaller contact area between the filling materials and
rock wall. Moreover, under high normal stress, fine
particles may be compressed and produce a certain
amount of cohesive strength.

Although there are some limitations to this study, an
S-wave under normal stress can be observed and analyzed.
The experiment setup can be modified to further investigate
S-wave propagation through a single filled joint or a set of
filled joints with different asperities.
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