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ABSTRACT

The combined effect of the number of joints, opening, type and thickness of filling on the amount of
vibration caused by the propagation of waves in four identical dry limestone blocks with dimensions
of 10*¥10*50 cm was studied. The maximum vibration of particles in intact and jointed rock blocks in
three perpendicular directions was recorded by a three-component geophone. In block number 1 with
a joint in the middle of the block, the amount of joint opening was changed from 3-6-9-12-15-18-21
mm and the measurements were made for each amount of opening in two series. In the first series, the
joint filled with clay was tested, and in the second series, the joint filled with sandy soil was tested.
The series of tests were also performed on blocks No. 2 with two joints, Block No. 3 with three joints,
and Block No. 4 with four joints. The results of the tests showed that the presence of joints in rock
blocks reduced the maximum vibration of particles in all three directions with different proportions.
The relationship between the increase in the joint index and the decrease in the maximum vibration

of the particles is nonlinear.

1. Introduction

It is necessary to study the effects of different characteristics of
joints on the seismic wave’s velocity and amplitude. Researchers
have studied this issue by experimental methods. Yang et al. (2019)
investigated the effects of joint thickness and anisotropy on wave
propagation and attenuation with laboratory tests. The results of
these experiments showed that the presence of joints reduces the
velocity and amplitude of compressive and shear waves. Liu et
al. (2019) studied the effects of joint and bedding in rocks on the
propagation and damping of seismic waves under triaxial loads.
Kahraman (2002) investigated the effects of joint roughness on
P-wave velocity in samples with dimensions of 10 x 10 x 10 cm

and represented the polynomial relationship between the roughness

coefficient and the p-wave velocity. Leucci and Giorgi (2006)
studied the effects of joints on the P and S wave velocity
propagation in rock blocks with dimensions of 60 x 40 x 40 cm and
stated that the amplitude of the waves decreases with increasing
the number of joints. El-Azhari et al. (2013) used a laboratory
model to investigate the effects of the number and orientation of
joints on the P-Wave diminution. Studies of Wu and Zhao (2015)
showed that the propagation of waves is influenced by factors such
as properties and the thickness of joint filling, the saturation degree
and properties of intact rock. Results of the studies done by Han et
al. (2020) showed that the wave transmission coefficient decreases

with increasing the joint thickness. Kim et al. (2021) stated that
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the gouge fill resulted in decreased longitudinal and shear wave
velocities and that is depended on the applied axial stress and
stiffness of the gouge fill material. Yang et al. (2018, 2019, 2020)
investigated the effects of joint properties on wave propagation by
ultrasonic experiments. The results of these experiments showed
that the existence of joints in rock mass disrupts the waveform and
attenuates greatly the wave amplitude, velocity and frequency.
Often in previous experimental studies, by changing one
parameter and keeping other joint parameters constant, a separate
effect of the variable parameter on wave propagation has been
investigated. However, in nature, there is always a set of variable
joint parameters that affect each other and consequently the wave
propagation. Therefore, it is necessary to perform more experiments
to investigate the simultaneous effects of variable parameters on the
wave propagation and particle vibration. The aim of this study is
to investigate the combined effects of joint number, joint aperture
and type and the thickness of joint filling on the vibration induced
by wave propagation in limestone. The innovative aspect of this
research is that by introduce a relation for quantifying the joint

parameter, the effects of joints on peak particle velocity was studied.

2. Experimental Materials

Particle vibration measurements were performed on four limestone
blocks. Rocks consist of fine-grained, white limestone. After
collecting the rocks and transferring them to the laboratory,
some physical and mechanical properties of the intact rock were
measured according to the standard proposed by ISRM. A summary
of the results is presented in Table 1. Joint filling materials in these
experiments include two types of clay and sandy soil with the

properties presented in Table 2 and the grain size diagram in Fig. 2.

3. Sample Preparation

Four blocks with dimensions of 10*10*50 cm were prepared.
These blocks have no joints or cracks and are all made of intact
rock (Fig. 3a). In order to investigate the effects of joints on particle
vibration, joint properties including joint number, joint aperture and
type and thickness of joint filling were considered. The number of
joints varies from one joint in block number 1 to four joints in block
number 4. These joints were artificially created by sawing with a
vertical angle in a direction perpendicular to the longitudinal axis
of the blocks. The spacing between the joints in all four blocks is

constant and equal to 8cm (Fig. 3b).

4. Test method

The source of seismic waves in all experiments is the impact of
simple pendulum. In order to create impacts with equal energy, a
weight of 125 grams was released at an angle of 5 degrees to the

vertical and an impact was played on the rock block. Seismic waves

created by the collision of the pendulum after passing through the
rock block cause particles to vibrate in the rock. Particle vibration
was recorded and measured in rock blocks by a 30 Hz three-
component geophone and a SPSEISw-3 seismograph (Fig. 4).
Before the test, the rock blocks were dried in oven. Firstly, before
creating any joints in each block by inflicts a blow to one side of the
block, the vibration of particles in the intact rock was recorded in
three directions by a three-component geophone on the other side of
the block. Thereafter, in order to investigate the effects of joint on
particle vibration, experiments were performed on jointed blocks.
In block number 1, with a joint in the middle of the block, joint
aperture was changed in 3-6-9-12-15-18-21 mm and measurements
were made for each joint aperture in two series. In the first series,
joint with clay filling and, in the second series, joint with sandy soil
filling was tested. These experiments were also performed on block
number 2 with two joints, block number 3 with three joints and

block number 4 with four joints.

5. Discussion

To analyze the vibration variation due to joint properties, an index
called “Peak Particle Velocity Reduction” (PPVR) was defined,
which indicates the reduction of PPV in each state of jointed rock
compared to intact rock without joint. In Equation 1, PPV0 and
PPV are the peak particle velocity in intact rock and jointed rock,

respectively.

ppyp < PPV O-PPV )
PPV 0

To investigate the effects of joint properties and provide an
empirical relationship, it is necessary to introduce an index
indicating the joint conditions by quantifying the joint properties.
Joint properties quantification was done in three steps. In the first
step, the impedance index was used to quantify the type of joint
filling. Filling in these tests include the clay and sandy soils. The
impedance index of these materials and rock blocks are presented
in table 3.

The impedance ratio of intact rock to filling was introduced as
a rock heterogeneity factor, which is an effective parameter on the
seismic wave propagation and reflection characteristics (Boadu and
Long, 1996).

. . _ impedance of intact rock
impedance ratio=- — - 2)
impedance of joint filling

The impedance ratio factor was used to introduce the type of

filling quantitatively. The impedance ratio of the fillings in each
rock block is presented in Table 4.
In the second step, the fracture density equation presented by
Hudson was used to quantify the combine effects of the joint
number and joint aperture. The fracture density in a rock sample is
equal to (Hudson, 1981):
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NVe
.= 7

Where N is the number of fractures; Vc is the volume of a single

)

fracture; and V is the volume of model or sample. The amount
of fracture density for each block with different joint apertures is
calculated and presented in Table 5.

In the last step, the product of impedance ratio multiplied by
fracture density was introduced as the joint index (Eq. 4). This

index can indicate the joint conditions in each block.
Joint Index (JI)=€, xIR 4

The value of the joint index for each block with different joint
conditions is calculated and presented in Table 6. The first and
second series of experiments were performed on jointed blocks
with clay and sand filling, respectively. Considering that the effect
of the type of filling was quantified by the impedance ratio and was
placed in joint index equation, Therefore, by using this index, it is
possible to use all the data obtained from both series of experiments
in a single statistical population with the aim of achieving the
relationship between the joint index and PPVR. So, the statistical
population of PPV in all blocks, including the blocks with clay
filling and sand filling was evaluated. All results of these tests are
presented in Fig. 5. In jointed blocks with clay or sand filling, the
PPVR has increased in all three directions with increasing the joint
index.

The correlation of joint index data and the PPVR was studied. The

best fit statistical relationships are:
PPVRinY direction PPVR=12.319In(JT)+70.506 R>=0.94 (5)
PPVR in X direction PPVR =8.577In(JI) +45.495 R>=0.95 (6)

PPVR in Z direction PPVR =3.9183In(JI) +20.264 R>=0.94 (7)

According to Fig. 5 and the above equations, the contribution of

different joint index in PPVR increasing is not the same. The PPVR

45

increasing rate in the range of 0 to 0.6 of the joint index is higher
than other joint indices. In general, the study of test results on filled
joints shows that although the amount of PPVR increases with
increasing the joint index, but this increasing trend is nonlinear, and
with increasing the number and amount of aperture, PPV reduce at
a lower rate.

The amount of PPVR due to the presence of joints in rock blocks
are not equal in three directions Y, X and Z. Figure 6 shows the
PPVR ratios in different directions. PPVR in the Y direction is about
3.4 to 4.5 times PPVR in the Z direction and 1.5 to 2 times PPVR
in the X direction. Therefore, the presence of filled joints in rock
blocks has reduced the PPV in the direction of wave propagation
(Y direction) more than other directions. The ratio of PPVR in the X
direction to PPVR in the Z direction varies between 2 and 2.7. PPV
have reduced in the Y direction more than the X direction and in the

X direction more than the Z direction in jointed blocks with fillings.

6. Conclusion

The most important achievements of the article are as follows:

- Quantifying the type of joint filling based on the material impedance
coefficient as well as quantifying the number and aperture of the
joints based on the fracture density and finally introducing the joint
index is an efficient way to achieve experimental relationships
between joint characteristics and PPV.

- Based on the above paragraph, the joint index defined in this
study can be used in numerical modeling in order to introduce the
characteristics of the joints in the rock mass.

- In jointed rock blocks, the PPVR increases with increasing the
joint index but this increasing trend is nonlinear and with increasing
the number and amount of aperture, PPV reduce at a lower rate.

- The amount of PPVR due to the presence of joints in rock blocks
are not equal in three directions Y, X, and Z as the PPV is reduced
in the direction of wave propagation (Y direction) more than other

directions.
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Figure 3. Rock blocks (A) without joints and (B) with joints.
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Table 3. Impedance of filling materials for joints and rock blocks.

Clay (CH) Sand (SM) | Block 1 Block 2 Block 3 Block 4
Density(gr/cm®) 1.87 1.92 2.56 2.53 2.55 2.58
Vp/s) 1527 1985 3589 3538 3552 3595
Impedance (kg/m’.sec) 2855490 3811200 9187840 | 8951140 9057600 9275100
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Table 5. Fracture density in rock blocks.
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Table 4. Impedance ratio of filling materials for joints

in rock blocks.

Aperture | g1 | Block2 | Block3 | Block 4
(cm) Clay (CH) | Sand (SM)

0.3 0.006 0.012 0.018 0.024 Block 1 3218 2411

0.6 0.012 0.024 0.036 0.048 Block 2 3.135 2349

0.9 0.018 0.036 0.054 0.072 Block 3 3.172 2377

1.2 0.024 0.048 0.072 0.096 Block 4 3.249 2434

1.5 0.030 0.060 0.090 0.120

1.8 0.036 0.072 0.108 0.144

2.1 0.042 0.084 0.126 0.168

S Sl 3 gl305,5 Lasls —F sl
Table 6. Joint Index of rock blocks.
Blocks Block 1 Block 2 Block 3 Block 4
Filling Air Clay Sand Air Clay | Sand Air Clay | Sand Air Clay Sand
0.3 136.203 0.019 | 0.014 265.389 0.038 | 0.028 | 402.818 | 0.057 | 0.043 549.988 0.078 0.058
| 06 272.407 0.039 | 0.029 530.779 0.075 | 0.056 | 805.637 | 0.114 | 0.086 1099.977 0.156 0.117
Ea, 0.9 | 408.610 0.058 0.043 796.168 0.113 | 0.084 | 1208.456 | 0.171 | 0.128 1649.966 0.234 0.175
g 1.2 544.814 0.077 | 0.058 | 1061.557 | 0.150 | 0.113 | 1611.274 | 0.228 | 0.171 2199.955 0.312 0.234
&
2|15 681.018 0.097 | 0.072 | 1326.947 | 0.188 | 0.141 | 2014.093 | 0.286 | 0.214 | 2749.943 0.390 0.292
- 1.8 817.221 0.116 0.087 | 1592.336 | 0.226 | 0.169 | 2416912 | 0.343 | 0.257 | 3299.932 0.468 0.350
2.1 953.425 0.135 0.101 | 1857.725 | 0.263 | 0.197 | 2819.730 | 0.340 | 0.299 | 3849.920 0.546 0.409
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Figure 5. PPVR versus joint index (JI) in jointed rock blocks with filling.
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RATIO OF PPVR IN THREE DIRECTIONS
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Figure 6. PPVR ratio in three directions Y, X and Z in jointed rock blocks with filling.
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