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Abstract

The static and dynamic compression mechanical properties of the prefabricated artificial filled rock joints
specimens with different fillings and different joint thicknesses are tested, respectively. Then, the strength,
deformation, wave propagation and energy dissipation laws of the filled joints are analyzed.
The experimental results show that the static and dynamic compression strength of filled joints increases
with the strength of filling materials while decreases with the filling thickness. The deformation
characteristics of filled joints under static and dynamic compression are positively correlated with the
properties of filling materials and the thickness of filled joints. With the increasing of the filling thickness,
the reflection coefficient increases while the transmission coefficient decreases. With the increase of the
strength of the fillings, the reflection coefficient decreases while the transmission coefficient increases.
The energy dissipation ratio decreases with the increase of the filling thickness and increases with the
increase of the strength of the filling material.
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Experimental Study on Static and Dynamic Compression Mechanical Properties of Filled Rock Joints Shaobo Chai et al.

1 INTRODUCTION

Rock joint is the most extensive geological structure in the natural rock mass. Usually, the existence of joints will
naturally divide the rock mass into a kind of discontinuous, non-uniform and anisotropic natural geological body, which
significantly affects the physical and mechanical properties and the engineering qualities of the rock mass (Barton,
1973; Bandis et al, 1983). However, joints in rock mass often contain fillings. The low strength and large deformation of
the fillings will change the mechanical behavior of the joint and the strength of the whole rock mass, increasing the
instability of engineering rock mass. Study of the mechanical properties of filled rock joints is crucial to evaluate the
stability and damage of rock structures, such as underground caverns, rock slopes and foundations under engineering
loads.

So far, there have been many studies on the mechanical properties of joints. For example, some researchers
(Malama and Kulatilake, 2003; Zhou et al., 2013; Yang et al., 2014, 2016; Liu and Zhang, 2015; Tian and Han, 2017) have
studied the static uniaxial compression behavior of the rock samples with a single fracture, two intersecting joints or a
parallel of non-persistent fissures, and have obtained the compression strength and deformation characteristics of
these jointed rock samples. Many researches (e.g. Papaliangas et al., 1993; Zhao, 19973, b; Li et al., 2006; Singh et al.,
2011; Atapour and Moosavi, 2013, 2014; Jahanian and Sadaghiani, 2014) have been focused on the shear
characteristics of joints. These results show that the shear mechanical properties of joints are related not only to the
roughness of joint surface, joint size, rock strength and other natural properties, but also to the shear rate and the
normal pressure. Studies on dynamic properties of joints are mainly carried out by the SHPB device. For example,
researches (e.g., Zhang et al., 2013; Chen et al., 2014; Lietal.,, 2017; Wu et al., 2019) studied the influences of the
factors such as joint roughness, contact area ratios of joint and impact loads on dynamic impact properties of joints
based on SHPB test system. Above all, the mechanical properties of joints are mainly studied by axial compression,
shear and dynamic impact. In addition, more researches are mainly focused on unfilled joints and fissure-containing
joints, but relatively few experimental studies are made on the filled joints.

Compared with unfilled rock joints, the mechanical properties of filled joints are more complicated due to more
affecting factors. The study of mechanical properties of filled joints has attracted extensive attention in the field of rock
mechanics and engineering. At present, some studies of compression characteristics of filled rock joints are conducted
mainly in the aspects of axial compression and dynamic impact. For example, Zhang et al. (2012) studied the strength
characteristics and damage degree of the rock samples containing filled fracture through uniaxial compression.
By comparing the strength and failure characteristics of intact rock and filled jointed rock under uniaxial compression,
Yu et al. (2016) found that the mechanical parameters of joints are closely related to the structural distribution of the
joints. Liu et al. (2014) studied the size effect on mechanical properties of filled joints through uniaxial compression and
shear tests of filled cylindrical jointed rock samples with different height-diameter ratios.

For dynamic compression properties of the filled rock joints, Li and Ma (2009) carried out a systematic study on
the artificial joints filled with sand through the improved SHPB test device in which the input and output bars are made
of granite. The results show that the thickness and moisture content of the filling sand have great influence on the
dynamic mechanical properties of the joint. Li et al. (2019) used SHPB test system to conduct uniaxial impact tests on
granite samples containing artificial joints, and studied the influence of joint matching coefficient (JMC) on the quality
factors of rock samples. In addition, considering factors such as joint distribution Angle, joint contact, joint number,
joint spacing and length-diameter ratio of specimens, some researchers (e.g., Wu et al., 2013, 2014; Wu and Zhao,
2015; Liu and Su, 2016; Amalokwu et al., 2016) conducted dynamic impact compression tests on different types of rock
joints and obtained the dynamic mechanical properties of the samples. The researches indicate that the dynamic
strength as well as the failure mode of filled jointed rock is closely related to the joint structure form.

To sum up, some experimental studies have been carried out on the compression mechanical properties of filled
rock joints, in which most of them focus on static or dynamic analysis, unilaterally. There are few comparative analyses
of filled rock joints under static compression and dynamic impact at the same time. Moreover, there are relatively few
experimental studies in which both filling materials and filling thickness factors are considered simultaneously.
Accordingly, in this paper, the static mechanical properties and the dynamic behavior of filled rock joints are
investigated by universal testing machine and SHPB device, respectively. In the study, both the characteristics of filling
material and filling thickness of joint are considered because the two factors have a great influence on the mechanical
properties of the jointed rock. Considering that it is difficult to sample the natural rock joints with specific structure,
series of artificial filled jointed rock specimens with different fillings and joint thicknesses are prepared and tested in
this paper. Through the static compression and dynamic impact tests, the strength characteristics, deformation
characteristics, wave propagation characteristics and energy dissipation of the specimens are studied and analyzed.
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2 SPECIMEN PREPARATION AND TEST PROCEDURE

2.1 Test Method

Firstly, the artificial rock specimens filled with different filling materials and different filling thickness are prepared.
Secondly, the static uniaxial compression tests are carried out by universal testing machine and then the compression
properties of the filled jointed rock specimens are obtained. Then, based on stress wave propagation theory, using
SHPB test device, the one-dimensional impact compression tests on P-wave propagation across filled rock joints are
systematically carried out. Considering the influence of filling thickness and filling material properties, the dynamic
compression mechanical properties of filled rock joints are obtained by analyzing the incident and transmitted waves
across the filled rock joints. Finally, the static and dynamic compression test results are taken into account to obtain
the dynamic mechanical characteristics under the influence of joint fillings properties, the filling thickness and other
factors.

2.2 Specimen Preparation

Because the joint structure of rock specimens sampled in the field is not easy to identify, it cannot used for the
single factor analysis of jointed rock mass. Therefore, in this experiment, similar materials are used to produce the
artificial filled jointed rock specimens, which have the similar properties to the real jointed rocks. Through the static
compression and SHPB dynamic impact tests, artificial jointed rock specimens are tested and then the mechanical
properties of the filled joints are analyzed.

Granite materials with good texture from the same origin are selected and processed into cylindrical specimens
with a diameter of 50 mm and a height of 25 mm. One end face of the cylindrical granite blocks are polished and
grooved regularly to make the surface roughness basically consistent. The filling material is intermingled between two
granite blocks and in contact with the rough surfaces to constitute the filled jointed rock specimen, as shown in Fig. 1.
In the actual rock mass, the physical and mechanical properties (such as density, strength, elastic modulus, wave
velocity, etc.) of the joint fillings are generally between the rock besides the joint and the common clay. Therefore,
similar materials including clay, sand, lime, gypsum, cement and so on are used in the tests for combined configuration,
and mixed fillings with different properties were obtained. The four kinds of the fillings used in the middle of the
specimens are the cement mortar, the gypsum mortar, the lime mortar and the mud-sand mixture, respectively. In the
process of specimen making, the compactness of filling materials in the filling gaps should be controlled to ensure the
consistency of similar specimens. In order to better simulate different types of the filled joints, the thickness of the
filling material for fixed curing is 2 mm, 5 mm and 10 mm, respectively. As rock is a kind of complex material, it is easily
affected by various factors. In order to improve the reliability of the experiments, three specimens as a group are
repeated in each test.

Filled with Cement mortar Filled with Lime mortar Filled with Gypsum mortar Filled with Clay-sand mixture

Figure 1: Filled jointed rock specimens

As shown in Fig. 1, the artificial filled jointed rock specimens are divided into four groups according to the type of
filling materials, each of which is divided into three groups based on thickness. The physical and mechanical parameters
of rock and filling materials measured under the same test conditions are shown in Table 1. It should be noted that the
wave velocity in each filling material and granite is measured by RSM-SY5 acoustic velocity instrument developed by
Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. The schematic diagram of the wave velocity test is
shown in Figure 2. During the measurement, the measured materials are made into a cylindrical test sample with a
diameter of 50mm and a height of 50mm. The wave velocity tests for rock and filling materials are carried out
respectively. As shown in Fig.2, a transmitting probe and a receiving probe are placed at each end of the sample
respectively. The transmitting probe sends out a high-voltage pulse signal at time t1, which is received by the receiving
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probe at time t; after passing through the specimen. According to the wave propagation time, At, and the length of the
specimen, L, the average wave velocity of the measured sample, c,, can be calculated as:

OA -t (1)

Receiving AN I\:\V
probe VYV

Transmitting
probe

\ Pulse Input

r RSM-SY5

High voltage
pulse output

Figure 2: Schematic diagram of wave velocity measurement for rock and filling materials

It can be seen from Table 1 that the physical and mechanical parameters of the configured fillings are all smaller
than the corresponding values of the rocks on both side of the joint, and there are obvious differences. Therefore, the
properties of the four filling materials in this paper are similar to those of the natural fillings in rock mass, which are
representative to some extent.

Table 1 Physical and mechanical Properties of the rock and the joint filling materials

Materials Mix proportion Density Strength Elasticity Wave velocity
(kg/m3) (MPa) modulus (GPa) (m/s)
Cement mortar Cement: Water: Sand 1:0.5:2 1912 35.7 32 2381
Gypsum slurry Water: Gypsum 1:3 1400 2.27 1.0 1042
Lime mortar Water: Lime: Sand 1:1:3 1593 1.12 1.6 370
Clay-sand mixture Water: Clay: Sand 1:2.67:2.67 1631 2.61 2.3 1429
The rocks Granite — 2430 67 57 3368

2.3 The Test Procedure

The static compression tests are carried out by the WAW3030 microcomputer control universal testing machine,
as shown in Fig. 3(a). The test force loading control is adopted during the test, and the loading rate is 50 N/s.
The dynamic impact tests are carried out by the Split Hopkinson Bar (SHPB) device, as shown in Fig. 3(b). As shown in
Fig. 3(c), the device includes four pressure bars, i.e., the impact bar, the incident bar, the transmission bar and the
absorption bar. The four bars are all made of steel with a diameter of 50 mm. The elastic modulus of the pressure bar is
210 GPa, the density is 7800 kg/m3, the theoretical velocity of elastic longitudinal wave is 5200 m/s, and the measured
velocity is 5227 m/s. The length of the impact bar is 0.4 m, the length of the incident bar is 3.5 m, the length of the
transmission bar is 2.5 m, and the length of the absorption baris 1.5 m.

In the test, the strain gauges are applied symmetrically to eliminate the error caused by the bending deformation
of the elastic bar during the impact. At the same time, in order to prevent the superposition of the waves, the strain
gauges are pasted on the incident bar 2300 mm away from the contact surface of the specimen, and on the
transmission bar 600 mm away from the contact surface of the specimen. As shown in figure 3c, the strain gauge is
connected to the dynamic strain acquisition instrument.The stress wave signals collected in the strain acquisition
instrument are displayed on the oscilloscope after the amplification gain of 1000 times and then stored in the
connected computer. In this study, the sampling frequency of the strain acquisition instrument is set to 1 MHz.
The chosed sampling time is 16.38ms. Since the bridge voltage of the junction box is adopted as 2V, a single strain
gauge will produce 1 ue when the output voltage is 1mV.

As the jointed rock mass belongs to brittle material, and its failure strain is very small. In order to satisfy the stress
uniformity and eliminate the diffusion effect of stress wave propagation, and make the incident waveform smooth, the
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rubber shaper is used as a pulse shaper during the test. To ensure the accuracy and reliability of the test results, each
set of tests was repeated 3 times. The specific contents and methods are shown in Table 2.

5+ Filled jointed rock specimen

Incident bar, 3.5 m ————|( |-«—Transmission bar, 2.5 Absorption bar, 1.5 m
—D |-— 23m —»|l |«—06m —n-l
] J[ ]

Impact bar, 0.4 m Strain gauge /
Dynamic str /\
ynamic s ain
i VA_/\

acquisition mstrument
-~/
o

Oscilloscope

(c)
Figure 3: The testing instruments. (a) The WAW3030 microcomputer control universal testing machine; (b) The picture of Split
Hopkinson Bar (SHPB) device; (c) The Schematic diagram of SHPB device.

Table 2 The testing content and methods

Test content Filling material Filling thickness Test device Loading mode Intensity of loading
Static uniaxial Cement mortar 2 mm WAW3030 Test force loading 50 N/s
compression Gypsum mortar 5 mm microcomputer control control
10 mm universal testing
machine
1-D dynamic Lime mortar Split Hopkinson Bar Compressed gas 0.2 MPa
impact Clay-sand mixture (SHPB) device pressure control

3 THE STATIC COMPRESSION RESULTS AND ANALYSIS

In the static compression process, the loading force-time history (F-t) and the loading displacement-time history
(AL-t) of the samples is recorded. In the end, the corresponding relation curves can be obtained, in which the loading
displacement, AL, is the compression deformation of the jointed rock sample. As we all know, stress and strain are
respectively defined as o=F/s and e=AL/L, where S and L are the cross-sectional area and length of the specimen
respectively. Accordingly, the relationship between stress and time (o-t) as well as the relationship between strain and
time (e-t) can be derived. Then, the relationships between stress and strain (o-¢) can be obtained by eliminating time t.
Fig. 4 shows the stress-strain curves of the artificial filled joints with four different filling materials and three
corresponding filling thicknesses.

It can be seen from Fig. 4 that the uniaxial compression stress-strain curves of the rock joints specimens with same
filling material but different filling thicknesses have a consistent change trend. With the change of filling thickness, the
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peak stress and strain change accordingly. By comparing the stress-strain curves of the jointed rock specimens with the
same thickness but different filling materials, it can be seen that the strength and deformation characteristics of the
filled joints are also greatly affected by the filling materials.

100 '
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Figure 4: The Static compressive stress-strain curves of filled joints. (a) The joints filled with cement mortar; (b) The joints filled with
gypsum mortar; (c) The joints filled with lime mortar; (d) The joints filled with clay-sand mixture

For the joints filled with the cement mortar, the increase of filling thickness has little effect on the elastic modulus
of the specimens. As a result, the slopes of the three curves are basically the same. The effect of filling thickness on
peak stress and corresponding strain is obvious. The curves in Fig. 4(a) shows that the peak stress and the
corresponding strain of sample decrease as the filling thickness increases.

For the jointed rock specimens filled with the other three filling materials, the thickness of the filling material has
an obvious influence on the peak stress, strain and elastic modulus. With the increasing of joint filling thickness, the
elastic modulus decreases, the peak stress decreases while the corresponding strain increases under uniaxial
compression. In particular, the average peak stress when the filling thickness is 10 mm decreases to less than 20% of
the peak stress of the samples with 2 mm filling thickness while the corresponding strain is 2-5 times of that when the
filling thickness is 2 mm. The main reason is that both the strength and elastic modulus of the three filling materials are
smaller than those of the granite as well as the cement mixture. Before the filled jointed rock specimen reaches the
peak stress, the filling layer has been damaged. The rocks on both sides of the joint fail to give full play to the strength
of the jointed rock specimen. As a result, the greater the filling thickness, the greater the peak strain.
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The static compression mechanical characteristics of the filled joints are analyzed below in this section from the
failure mode, the strength and the deformation.

3.1 Analysis of the Failure Mode

The failure process and failure mode of the filled joints under static uniaxial compression are shown in Fig. 5. It can
be seen that the failure of specimen containing filled joints occurs first in the joint fillings under uniaxial compression.
With the axial pressure increasing, the filled joint interface changes from scaling failure and wrinkling to brittle fracture.
As the axial pressure continues, the cracks gradually develop inward. At the same time, the filled joint is continuously
compressed to yield. Further loading until the fillings cannot be compressed, the rocks on both sides of the joint begin
to be compressed to produce visible deformation and crack until failure. It can be observed from the failure shape of
the jointed specimens that the lateral failure of filled joint is the most serious. The failure surfaces of the rock
specimens mainly include the local shear failure surfaces and the rupture surfaces along the axis. Accordingly, the
failure modes of the filled jointed rock are mainly the shear failure and the splitting failure.

Filled with Cement Filled with Lime

Filled with Gypsum Filled with Clay-sand
(a) Failure process of the specimens

-

| -
n Filled with Gypsum

(b) Final failure form of the specimens.

Figure 5: Failure process and final failure form of filled joints under uniaxial compression

Latin American Journal of Solids and Structures, 2020, 17(3), e264 7/15



Experimental Study on Static and Dynamic Compression Mechanical Properties of Filled Rock Joints Shaobo Chai et al.

Combined with the stress-strain curves of the filled jointed rock under uniaxial compression, it can be seen that
the whole compression process can be roughly divided into three kinds of typical stages, as follows:

Stage 1: The joint compression stage. At this stage, the stress does not increase but the strain gradually increases.
The strain of the rock on either side of the joint is supposed to be not large at this stage. The main manifestation of this
stage is that the middle filling layer is gradually compressed and the strain of the joint increases linearly.

Stage 2: The joint failure stage. At this stage, the joints are continuously compressed to be damaged, resulting in a
certain plastic deformation. As the axial pressure continues, the deformation of the filling layer is no longer linear
elastic. Meanwhile, the normal stiffness and compression modulus of the middle filling layer are increasing, which are
finally close to those of the rock on both sides of the joint.

Stage 3: The rock compression stage. In this stage, the middle joint thickness reaches the minimum, and the filling
layer is difficult to continue be compressed. It supposed that the main change in this stage is that the rock is
compressed, and the strain of the rock increases continuously until the failure. The ultimate failure is manifested as
compression-shear or splitting failure of the rock.

3.2 Influence of Joint Filling Thickness on the Strength

With the change of thickness of the joint fillings, the strength of each jointed rocks filled with the four different
filling materials shows a consistent rule. Taking the joints filled with the clay-sand mixture as an example, when the
joint thickness are respectively 2 mm, 5 mm, 10 mm, the corresponding peak stress are 90.4 MPa, 73.7 MPa, 13.8 MPa,
while the corresponding peak strain are 0.034, 0.043, 0.061, respectively. When the joint filling thickness changes from
2 mm to 5 mm, the peak strength will decrease by 18.4% while the peak strain will increase by 26.5%. When the joint
filling thickness changes from 5 mm to 10 mm, the strength will decrease by 81.3% while the peak strain will increase
by 41.9%. It can be seen obviously that with the increase of joint filling thickness, the peak strength the jointed rock
specimen filled with the the clay-sand mixture decreases gradually while the peak strain increase. Similarly, the joints
filled with the other three filling materials also follow the same pattern. Thus, the joint filling thickness is negatively
correlated with the compression strength of the filled jointed rock while positively correlated with deformation.

3.3 Influence of the Filling Materials on the Strength

Under the same test conditions, the strength of the four filling materials is measured, as shown in Table 1.
The sequence from high to low is: cement mortar, clay-sand mixture, gypsum mortar and lime mortar. When the joint
thickness is relatively larger (i.e., 10 mm), the sequence of strength remains the same with that of specimen thickness.
As the strength of the filling materials decreases, the strength of the jointed rock accordingly decreases. In another
word, the compression strength of the filled jointed rock specimen depends on the strength of the fillings. What's
more, when the thickness of the filling material exceeds a certain range, the strength value of the filled joint is mainly
determined by that of the filling material. When the filling thickness is small, the strength of filled joint is relatively
high. The possible reason is that the joint surface is not smooth, which causes some clay, sand and other fillings to fill
the void between the original joint surfaces during the joint formation process. However, the joint thickness is too
small to form a weak layer. Thus, the contact area between the rock blocks on both sides of the joint is strengthened,
increasing the strength of the joint at last.

Because the strength of joint fillings is lower than that of rocks on both sides, it can be seen from Fig. 5 that the
weak structural joint surface first begins to fail when failure of the filled jointed rock occurs. Moreover, for the joints
filled with different materials but with a same thickness, the failure modes are different due to the different strength of
filling materials. When the strength of the filling material is relatively high (e.g., cement mortar), the failure mode is the
failure of the contact surface between the filling and the rocks. When the strength of the filling is low (e.g., lime
mortar, gypsum mortar or clay-sand mixture), the failure mode is the failure of the filling itself.

4 THE DYNAMIC IMPACT COMPRESSION RESULTS AND ANALYSIS

The one-dimensional impact compression tests of the artificial filled jointed rock specimens are carried out by
using SHPB device. Since the impact velocity of the test device cannot be accurately measured every time,
approximately equal incident wave amplitudes can be obtained by controlling the pressure value of the compressed
gas (0.2 MPa). In order to ensure the credibility of the test results, each test for a set of specimens is carried out
repeatedly three times: Based on the experimental results, the dynamic properties of the filled joints are analyzed and
studied from the aspects of the strength of joint, wave propagation characteristics and the energy transfer.
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4.1 Analysis of the Filled Joints Strength under Impact Compression

When the stress wave generated by the impact compression propagates in the bars, the strain gauges pasted on
the incident bar and the transmission bar deform along with the elastic bars. Meanwhile, the deformation of the strain
gauges causes the change of their own resistance, which will cause the change of the voltage of the measuring circuit
bridge box, accordingly. Thus, the incident, reflected and transmitted waves can be transformed into the corresponding
incident, reflection and transmission voltage signals which are recorded and stored by the ultrahigh dynamic strain
acquisition instrument. Then, the incident strain, g, reflected strain, €, and transmitted strain, &;, can be obtained by
the conversion relation between strain and voltage which is determined by the strain gauge parameters. According to
the three-wave method (Song and Hu, 2005; Wang and Shang, 2014), the average strain £(t) and stress o(t) of the
jointed rock sample can be calculated as follows:

2= (65,5, @)

o(t) =;1—§(8i +&.+¢,) (3)

where A is the cross-sectional area of the compression bar, E is the elastic modulus of the compression bar, and Cis the
wave velocity in the bar. The dynamic stress-strain relationship of the filled rock samples under impact compression
can be obtained after the time t is eliminated by simultaneous equations 4 and 5. Then, the corresponding dynamic
stress-strain curves are obtained accordingly, as shown in Fig. 6.

It can be seen from Fig. 6 that the peak stress of joints with any filling decreases with the increase of joint filling
thickness. That is to say, the dynamic compression strength decreases with the increase of joint thickness, indicating
that the dynamic compression strength of filled joints is highly correlated with the strength of intermediate filling.
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Figure 6: The dynamic compression stress-strain curves of filled joints. (a) The joints filled with cement mortar; (b) The joints filled
with gypsum mortar; (c) The joints filled with lime mortar; (d) The joints filled with clay-sand mixture.
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Table 3 Dynamic peak stress and strain under impact compression

2mm 5mm 10mm
Filled joint
Omax Emax Omax Emax Omax Emax
Cement mortar 77.7 0.015 68.6 0.019 41.9 0.169
Clay-sand mixture 69.4 0.024 56.9 0.025 29.0 0.028
Gypsum slurry 66.0 0.028 37.6 0.029 24.1 0.034
Lime mortar 56.1 0.025 25.5 0.028 11.0 0.031

However, not all the peak strains of the filled joints increase monotonically with the increase of joint thickness.
It is related to the filling material properties. For the joints filled with the three relatively soft fillings, i.e., clay-sand
mixture, gypsum mortar and lime mortar, the peak strain of each specimen increases with the increase of joint filling
thickness. It indicates that the deformation of joints with softer fillings increase with the increasing of joint thickness
under impact compression. Table 3 shows the dynamic peak stress and the strain of the filled joints under impact
compression. For the joints filled with hard fillings (e.g., cement mortar), the peak strain of the joints is generally small.
Moreover, when the joint thickness is 5 mm, the strain value is maximized. It preliminarily indicates that the joint filling
layer and the rocks on both sides of joint are bonded as a whole due to the high bonding strength of cement.
Therefore, under impact loading, the deformation of the rock specimen filled with cement mortar is not obvious with
the change of joint thickness but shows some brittle characteristics due to their high strength. However, for the above
mentioned soft joints, the strain is relatively large and the deformation presents a certain plastic failure characteristic,
among which the joint filled with gypsum is the most obvious.

4.2 Wave Propagation Characteristics through the Filled Joints

In the analysis of the influence of the joint thickness on the wave propagation characteristics, the case of the
joints filled with clay-sand mixture is taken for example. Fig. 7 shows the incident wave, transmitted wave and reflected
wave curves of the jointed rock specimens under one-dimensional impact. It can be seen from Fig. 7 that different joint
thicknesses have different effects on transmission and reflection of stress waves. When the incident wave is the same,
with the increase of joint thickness, the amplitude of the reflected wave gradually increases in a small range while the
amplitude of the transmitted wave gradually decreases. It indicates that the filling material in the filled joint hinders
the transmission of the stress wave. The thicker the joint filling is, the greater the amplitude attenuation of transmitted
wave is, and the weaker the transmission capacity of stress wave is.
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Figure 7: The waveform curves of the jointed rock specimens filled with clay-sand mixture under one-dimensional impact. (a) The
incident wave and reflected wave; (b) The transmitted wave.
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Figure 8: The waveform curves of the filled jointed rock specimens with a filling thickness of 5 mm under one-dimensional impact.
(a) The incident wave and reflected wave; (b) The transmitted wave.

When study the influence of joint filling materials properties, the test results of all filled jointed rock samples with
a thickness of 5 mm are selected for analysis. The waveform curves are shown in Figure 8. As shown in the figure, the
reflected wave amplitude of the soft fillings rock samples (e.g., clay-sand mixture, gypsum mortar and lime mortar) is
slightly smaller than the incident wave amplitude, while the reflected wave amplitude of the hard fillings samples (e.g.,
cement mortar) attenuates to a certain extent. Combined with the strength relationship of filling materials (from high
to low is: cement mortar, clay-sand mixture, gypsum mortar and lime mortar.), from Fig. 8(b), it shows that the
amplitude of transmitted wave is positively correlated with the strength of jointed filling materials. The reflected wave
amplitude of the joints containing hard materials is bigger than that of soft filling materials. It indicates that the hard
filling materials have little influence on the transmission of stress waves while soft fillings have a certain influence on
the stress wave transmission.

In conclusion, the reflected coefficient is not only related to the strength of the filling material, but also to the
thickness of the filling layer. This conclusion is consistent with the theoretical study on the propagation of stress wave
in the filled rock joint (Li et al., 2010). The mainly reason is that the change of the joint fillings can makes the wave
impedance of the filled joint rock sample change. The wave impedance represents the stress which is necessary for the
particle to produce unit vibration velocity when it is disturbed in rock. The greater the wave impedance, the greater the
stress required to produce unit vibration velocity; on the contrary, the smaller the wave impedance, the smaller the
stress required. It is defined as:

- @

where p is the material density; ¢, is the wave velocity in the material, which can be measured by the acoustic velocity
instrument as shown in Fig.2.

According to the one-dimensional elastic wave theory (Achenbach, 1973), when the wave in the incident rod
propagates to the jointed rock sample, it satisfies the following equation:

o, o, O

z

z, z (5)

pl pl p2

where 0;, or ando; are stress caused by incident wave, reflected wave and transmitted wave respectively; zp1 and z,, are
the wave impedance of the pressure bar and the wave impedance of rock sample respectively. In addition, according to
the stress continuity condition:

o,+o, =0, (6)

the reflected coefficient can be obtained by combining quation 5 and 6, expressed as
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It i, (7)

As shown in Figure 2, the jointed rock samples in this study are the combination of granite blocks and the filling
layer. If the sample is regarded as a homogeneous material, the wave impedance of the sample can be expressed as
Z, = p - ¢y, Where pis the average density of the jointed rock sample andc, is the average wave velocity of the
sample. According to table 1, the smaller the strength of filling material is, the smaller the corresponding density and
wave velocity are, leading to the decrease of the average impedance of rock sample. In adiition, the density and wave
velocity of any filling material are smaller than those of granite. Thus, the thicker the filling layer of the jointed rock
sample is, the smaller the average impedance is. It is obvious from Equation 7 that the transmitted coefficient R
increases as the average impedance of rock sample z,, decreases.

The above results can, at least qualitatively, depict the effects of the filling materials and the filling thickness on
the reflection coefficient. However, it cannot reflect the increasing degree of the reflection coefficient caused by the
decrease of the fiiling material strength or the increase of the filling thickness. Indeed, the jointed rock sample is not
homogeneous material and contains two connection interfaces, in which the propagation process of stress wave is
complicated. Therefore, it is difficult to conduct quantitative analysis by wave propagation theory.

4.3 Analysis of the energy dissipation

The rule about the filled rock joints on wave energy dissipation under impact compression is analyzed in this section.
By the three-wave method, the incident strain, €, reflected strain, &, and transmitted strain, &, can be obtained. On this
basis, the incident energy, Ej, the reflected energy, E; and the transmitted energy, E:, can be calculated according to the
one-dimensional stress wave theory and law of conservation of energy. It can be expressed as:

E,=A-E-C[ &, (8)

where mis i, r or t, represents incident wave, reflected wave and transmitted wave, respectively. Assuming that there
is no energy dissipation during the stress wave propagation in the pressure bars, the energy dissipated on the jointed
rock sample, E;, can be calculated according to the law of energy conservation:

E\' :Ei_Er_Et (9)

To eliminate the influence of incident amplitude fluctuation, the energy dissipation ratio, g /g, is defined to
analyze the influence of stress wave energy transfer in filled joints under impact compression. The calculated results
based on the above Equation are shown in Table 4. Ignoring the energy loss in the stress wave propagation in the
pressure bars, the majority of Es is mainly used for joint damage and failure, and the value of g / g reflects the degree
of energy required for the filled joint failure. The influences of the joint thickness and the fiIIingsmaferiaIs on the energy
dissipation of the filled rock joints under impact compression are analyzed, as shown in Fig. 9.

Table 4 Stress wave energy and energy consumption ratio of the joints under impact compression

Specimen Properties

(Filling material-Filling thickness) E0) E-() E: () Es () E/ Ei
Clay-sand mixture -2 mm 426.9 308.0 19.5 99.4 23.28%
Clay-sand mixture -5 mm 497.1 419.8 16.0 61.3 12.33%
Clay-sand mixture -10 mm 440.1 391.7 4.6 43.8 9.95%

Gypsum mortar -2 mm 450.4 351.6 15.3 83.5 18.54%
Gypsum mortar -5 mm 484.2 426.1 7.8 50.3 10.39%
Gypsum mortar -10 mm 462.7 451.5 3.3 8.0 1.73%
Cement mortar -2 mm 440.4 289.5 26.5 124.4 28.25%
Cement mortar -5 mm 460.2 309.6 21.0 129.6 28.16%
Cement mortar -10 mm 442.1 356.5 8.5 77.1 17.44%
Lime mortar -2 mm 486.7 388.2 15.6 82.9 17.04%
Lime mortar -5 mm 471.2 423.2 4.9 43.1 9.15%
Lime mortar -10 mm 459.5 455.4 1.9 2.2 0.48%
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Figure 9: The energy consumption ratio of the filled joints under impact compression. (a) Relation between the energy consumption
ratio and the joint filling material; (b) Relation between the energy consumption ratio and the joint filling thickness.

As can be seen from Fig. 9 (a), the energy dissipation ratio of the filled joints with the same filling thickness but
different filling materials under impact compression is related to the strength of the filling materials. It shows that the
energy dissipation ratio increases with the increasing of the filling material strength. It indicates that when damage and
failure happen, the higher the strength of the filling material is, the higher the energy dissipation value of the joint
needs under impact compression.

It can be seen from Fig. 9 (b) that the energy dissipation ratio decreases with the increase of joint thickness. This is
because that with the increase of joint filling thickness, joints are more prone to damage, deformation and failure
under impact compression. Thus, for a relative lager joint filling thickness, the energy used for damage and failure of
jointed rock specimens is smaller, that is, the energy dissipation ratio is smaller.

5 CONCLUSIONS

In this paper, the static and dynamic compression tests of filled jointed rock specimens are carried out by the
WAW?3030 universal testing machine and the SHPB device, respectively. The influences of joint filling material strength
and joint filling thickness on the compression characteristics of the filled joints are accordingly analyzed. The main
conclusions are as follows:

(1) The static and dynamic compression strength of the filled joint increase with the strength of the filling material
while decrease with the thickness of the joint.

(2) The deformation characteristics of filled joints under the static compression and dynamic impact are related to
the properties of filling materials as well as are positively related to joint thickness. Under uniaxial static compression,
the failure modes of joint can be divided into two types: 1) the failure of the contact surfaces between the joint fillings
and the rocks, for the jointed rock with hard fillings; 2) the failure of fillings itself, for the jointed rock with soft fillings.
Under dynamic impact, the deformation of the joints with hard fillings shows certain brittleness while that of the joints
with soft fillings shows certain plasticity.

(3) When the incident wave is the same, with the increasing of the filled joint thickness, the amplitude of the
reflected wave gradually increases, while that of the transmitted decreases. As the strength of joint infilling increases,
the amplitude of the reflected wave gradually decreases in a small range, while the amplitude of the transmitted wave
increases.

(4) The energy dissipation ratio under impact compression decreases with the increasing of joint thickness while
increases with the increasing of the strength of joint infillings.
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