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In the drilling and blasting excavation of underground rock mass, the stress wave produced by the blasting holes usually
propagates in the form of cylindrical wave, while the rock mass surrounding the underground engineering is initially subjected to
the in situ stress. To explore the propagation and attenuation law of cylindrical stress wave in the in situ stressed rock mass, a
model test of cylindrical blasting stress wave propagation across the intact and jointed rock mass under diﬀerent initial stresses
was carried out. First, the attenuation law of the cylindrical stress wave in the intact rock mass under diﬀerent conﬁning pressures
is analysed, and then the inﬂuence of the conﬁning pressure scales, the angle, and the number of joints on the propagation law of
the cylindrical blast wave in the jointed rock mass is studied. The experimental results show that the physical attenuation of the
cylindrical wave in the intact rock mass decreases and then increases as the conﬁning pressure increases from zero. Under zero
conﬁning pressure, the transmission coeﬃcient of the cylindrical wave in the jointed rock mass decreases with the increase of joint
angle, and the transmission coeﬃcient increases with the increase of the joint angle under conﬁning pressure. As the conﬁning
pressure increases from zero, the transmission coeﬃcient shows a trend of increasing ﬁrstly and then decreasing.

1. Introduction
Within Earth’s crust, the underground rock mass is usually
in a certain initial in situ stress environment. In geophysics,
earthquake engineering, underground engineering blasting
excavation, and rock dynamics, it is of great signiﬁcance in
the research of the propagation and attenuation of blasting
stress wave in in situ stressed rock mass.
The natural rock mass contains a large number of joints
which have a great impact on the mechanical properties of
rock mass and the propagation of stress wave [1–8]. At
present, most of the rock mass excavation involved in underground engineering still adopts the drilling and blasting
method. The stress wave produced by the blasting holes of

underground explosions is usually assumed to propagate in
cylindrical form and to decay in the underground jointed
rock mass [9]. Unlike the plane stress wave, the propagation
process of cylindrical stress wave in jointed rock mass is
more complicated. Chai et al. [10] analysed the propagation
process of cylindrical P-wave across an elastic joint and
determined the transmission and reﬂection coeﬃcients at
diﬀerent positions of the joint. Jalali et al. [11] studied the
surface vibration of a cylindrical canyon caused by a cylindrical SH wave in an arbitrary orientation.
The underground in situ rock mass during blasting
excavation is subjected to complicated loading conditions,
which mainly include in situ stress and blasting loading [12].
The presence of in situ stress aﬀects the stress wave

2
propagation and attenuation [13, 14]. Ahmed and AboDahab [15] investigated the Love wave propagation in an
orthotropic material under the inﬂuence of initial stress and
the gravity ﬁeld. The existence of initial stress not only aﬀects
the propagation of stress wave in rocks but also changes the
stress state of joints, thus changing the propagation law of
stress wave in jointed rock mass. Fan and Sun [16] used the
nonlinear Bandis-Barton (B-B) model to simulate the deformation characteristic of joints and adopted the displacement discontinuity method (DDM) to study seismic
wave propagation through an in situ stressed rock mass.
At present, experimental research on the propagation
law of stress wave primarily uses the Split Hopkinson
Pressure Bar (SHPB) apparatus [17], but most research
involves only one-dimensional stress wave [18–22]. Meanwhile, in the experimental study of the stress wave propagation law under initial stress, some scholars have added the
conﬁning pressure and axial pressure-loading device to the
SHPB system [23], which only relates to the propagation of
one-dimensional stress wave under initial stress [24]. Thus,
the experimental study of the propagation law of two-dimensional stress wave (cylindrical wave) in jointed rock
mass under initial stress is urgently needed.
Therefore, a model test of cylindrical blasting stress wave
propagation across the jointed rock mass under diﬀerent
initial stresses is carried out, and the inﬂuencing factors,
such as the scale of the initial stress, the angle, and the
number of joints, are discussed, respectively. In contrast, the
propagation of cylindrical stress wave in the intact rock mass
under the same loading conditions is also studied. This study
is helpful for better understanding stress wave propagation
across in situ stressed rock mass and is of considerable
importance to the design of the blasting excavation of rock
mass in underground engineering.
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Figure 1: Multifunctional testing machine for rock and soil.
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Figure 2: The loading diagram for the test sample.

2. Model Test
2.1. Initial Stress Loading Equipment. The multifunctional
testing machine for rock and soil is adopted to provide
steady and uniformly distributed static boundary loads in
the model test, as shown in Figure 1. Meanwhile, the length,
height and thickness of the model test sample are 1600 mm,
1300 mm, and 400 mm, respectively, and the schematic
diagram of the static loads applied to the sample during the
test is shown in Figure 2, in which σ v and σ h represent the
vertical and horizontal boundary static loads, and the
maximum static load is 5 MPa. The loading mode of the test
sample is divided into the vertical (Figure 1) and horizontal
method (Figure 3); in order to eliminate the inﬂuence of the
gravity of the test sample on stress wave propagation, the
horizontal loading method is adopted.
2.2. Determination of Physicomechanical Parameters of
Similar Model Test Materials. The prototype used in the
model test is the underground engineering rock mass excavated by the drilling and blasting method. By referring to
the physicomechanical parameters of several typical deep
underground engineering rock masses in China [25, 26], the

Figure 3: Horizontal loading mode.

mechanical parameters of the prototype are comprehensively determined, as shown in Table 1.
The horizontal loading mode is adopted in the model
test; that is, the model test samples are placed horizontally,
and then static and dynamic loads are applied. Hence, the
gravity of the model test samples is borne by the restrained
steel girders on both sides of the loading equipment, and the
stress similarity coeﬃcient Cσ and the geometric similarity
coeﬃcient CL can be selected independently without
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Table 1: Physicomechanical parameters of prototype used in the model test.
Type
Prototype

Rc (MPa)
120

σ t (MPa)
12

E (GPa)
50

φ (°)
30

c (MPa)
30

ρ (kg/m3)
2600

μ
0.223

Rc, σ t, E, φ, c, μ, and ρ are the uniaxial compressive strength, tensile strength, elastic modulus, internal friction angle, cohesion, Poisson ratio, and density of the
prototype and similar material, respectively.

σt �

2P
,
π DL

Figure 4: Uniaxial loading test.

6
5
4
σ1 (MPa)

considering the gravity similarly coeﬃcients Cρ [27].
According to the accuracy requirements and test workload
of the model test, and by referring to the long-term practical
experience of model testing accumulated by the cooperative
research group, a stress similarity coeﬃcient Cσ of 20 was
selected. Based on the determined stress similarity scale and
the physicomechanical parameters of the model test prototype, similar materials can be used as low-strength cement
mortar, which is convenient for material acquisition and the
manufacture of the model test sample.
In this paper, similar materials are mainly made of cement mortar and supplemented with some additional materials to simulate the intact rock. In the model test, the
mixture ratio of the cement mortar in accordance with the
similarity theory was determined through the orthogonal
test, in which the cement: sand: water: plasticizer ratio � 1 : 4:
1.2 : 0.0267. Through the following series of tests, the
physical and mechanical parameters of the cement mortar
material with the chosen mixture ratio are determined.
The uniaxial compressive strength of the similar materials is measured by a uniaxial loading test, as shown in
Figure 4. Four φ 50 mm × 100 mm samples are fabricated,
and a set of orthogonal strain gauges are pasted in the middle
of the specimen to measure the axial and lateral strains of the
specimen during uniaxial loading, respectively.
The typical stress-strain curve is shown in Figure 5,
where the abscissa positive and negative values ε1 and ε2 are
the axial and lateral strain of the sample, respectively, and
the ordinate is the applied axial load. The uniaxial compressive strength Rc was 5.732, 5.954, 5.843, and 5.927 MPa,
with an average value of 5.864 MPa, and the elastic modulus
E50 was 5.114, 5.274, 5.254, and 5.262 GPa, with an average
value of 5.226 GPa.
At the same time, the Poisson ratio of the model material
can be determined by the stress-strain curve of the uniaxial
loading test. The Poisson ratios of the model materials were
0.197, 0.209, 0.205, and 0.201, with an average of 0.203.
The tensile strength of the model material is measured by
a split test. A total of ten specimens are made, and the size of
each specimen is φ 50 mm × 50 mm; the splitting failure
diagram of the specimen is shown in Figure 6. The load P
corresponding to the splitting failure of the test specimen is
recorded and the tensile strength σ t can be calculated as

3
2
1

–1.0
–0.5
ε2 (10–3)

0
0.0

0.5

1.0

1.5
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2.5
ε1 (10–3)

Figure 5: Typical stress-strain curves of the test sample under
uniaxial compression.

(1)

where D and L are the diameter and thickness of the
specimen. By using (1), the tensile strength measured could
be calculated and was found to be 0.411, 0.568, 0.586, 0.626,
0.724, 0.678, 0.492, 0.586, 0.703, and 0.751 MPa, with an
average value of 0.613 MPa, which is the tensile strength of
the similar materials.

Figure 6: Split test.

To measure the internal friction angle and cohesion force
of the similar materials, a two-sided shearing test is carried
out, and the size of sample is φ 50 mm × 100 mm. The axial

4
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load is ﬁrst applied to the sample with a manual hydraulic
pump, as shown in Figure 7. After loading the design axial
load, the oil pressure is stabilized, and the shearing load is
then applied until the specimen is sheared to failure. The
critical shear force Fcr applied at the moment of shear failure
of the specimen is recorded, and the shear strength τ of the
similar materials can be obtained by
Fcr
,
2πr2

(2)

where r is the radius of the shear test sample.
The axial load applied was 0, 1, 2, 3, and 4 MPa and the
two-sided shearing tests at each applied axial load were
carried out 4, 3, 3, 4, and 4 times, respectively. The critical
shear force Fcr under diﬀerent applied axial loads is
recorded, and the change law of the shear strength of the
similar materials under diﬀerent axial stresses is obtained by
using (2), as shown in Figure 8.
As shown in the above ﬁgure, the shear strength increases with the increase of axial stress. According to the
Mohr–Coulomb strength criterion, the relationship between
shear strength and axial stress is calculated as
τ � σ tan ϕ + c,

(3)

where c and ϕ are the cohesive force and internal friction
angle of the model material, respectively. The shear strength
of the model material under diﬀerent axial stresses in Figure 8 is ﬁtted by (3); the cohesion of the model material is
1.49 MPa, and the internal friction angle is 23.2°.
The physicomechanical parameters and stress similarity
coeﬃcient Cσ of the similar materials are organized and
shown in Table 2. It can be seen that the physical and
mechanical parameters of similar materials and the prototype basically satisfy the similarity relationship required by
the model test.
2.3. Mechanical Properties of the Joint Simulation Material.
The prototype used in the model test is the underground
engineering rock mass subjected to the in situ stress, and the
joints in the rock mass are usually in the closure state under
compression. Consequently, the joints in the model test
samples are also considered as closed joints. To ensure that
the joint simulation materials do not deform or break during
the manufacturing process of the model test samples, mica
plates with certain strength and a thickness of 1 mm are used
to simulate the joint in the rock mass. To determine the
normal loading mechanical properties of the mica plate, a
circular sheet with a diameter of 50 mm and a thickness of
1 mm is fabricated, as shown in Figure 9(a), and then a
normal loading test is carried out, as shown in Figure 9(b).
The typical normal stress and deformation curves of the
joint simulation materials are shown in Figure 10. It can be
seen that the normal stress and deformation of the joint
simulation material are in accordance with the nonlinear
relationship, and the initial stiﬀness of the mica plate is
12 GPa/m, which is consistent with the mechanical properties of joints under in situ stress [28].

Figure 7: Two-sided shearing test.
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Figure 8: Relationship between shear strength and axial stress.

2.4. Design and Manufacture of the Model Test Samples.
The two model test samples were designed as shown in
Figure 11 and named T1 and T2. According to the uniformity of the cylindrical wave propagation in all directions,
two test sections were arranged in the two model test
samples, which are the strain and stress test sections.
In the two samples, four measuring lines are arranged on
the strain test section, and four strain measuring points are
embedded in each line and numbered from 1 to 16 to
measure the radial strain of the model test sample caused by
cylindrical stress wave. On the stress test section, two
pressure measuring points are arranged on each line and
numbered from 17 to 24 to measure the radial stress, which
coincides with the projection of the strain measuring point
before and after the joint in the thickness direction of the
model test samples.
In the T1 and T2 samples, in addition to one measuring
line not being arranged on the joints, the other three
measuring lines are arranged on 1 or 2 joints, as shown in
Figure 11. The angles between the joints and measuring line
are 30, 60, and 90 degrees and the length of each joint is
200 mm, which are used to study the propagation and attenuation law of the cylindrical wave in the intact rock mass
and the single-joint and double-joint rock masses of 30
degrees, 60 degrees, and 90 degrees, respectively.
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Table 2: Physicomechanical parameters and stress similarity coeﬃcient of the similar materials.
Rc (MPa)
5.864
20.5

Type
Similar material
Cσ

σ t (MPa)
0.613
19.6

E50 (GPa)
5.226
9.6

(a)

φ (°)
23.2
—

c (MPa)
1.49
20.1

μ
0.203
—

ρ (kg/m3)
1980
—

(b)

Figure 9: Normal mechanical properties test of the joint simulation material. (a) Circular mica plates. (b) Normal loading test.
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Figure 10: Normal stress and deformation curve of the joint
simulation material.

To avoid the expansion of joints in the model test
samples under the blast load and reduce the inﬂuence of the
reﬂected stress wave at joints on diﬀerent measuring lines
aﬀecting the stress wave propagation on other measuring
lines, the joint length in the model test samples should not be
too large and was set as 200 mm. At the same time, the
measuring points arranged before and after the joints in the
model test samples are located on the central line of the
joints as shown in Figure 11, so it can be approximately
considered that when the cylindrical stress wave propagates
along the central line of the joints, it is not aﬀected by the
scattering of the stress wave at the joint tip.
Before pouring the model test samples, the position of
the joint is determined ﬁrst, and the mica plates are ﬁxed by
the homemade device to constrain the displacement during
the sample pouring process, as shown in Figure 12.
Both model test samples are divided into 3 layers for
pouring, as shown in Figure 13. The thickness of the ﬁrst

layer is 150 mm and is cured for 1 d; when the layer surface
reaches a certain strength, the homemade PVDF (polyvinylidene ﬂuoride) pressure sensors are embedded. Then,
the second layer is poured; the thickness of the second layer
is 100 mm and resistive strain sensors are embedded on its
surface after 1 d of maintenance. Finally, the third layer with
a thickness of 150 mm is poured. The model test samples are
ﬁnished by pouring and after 28 d maintenance, the explosive load can be applied.
To avoid the diﬀerent cohesion strength between each
layer of model test samples during layered pouring, the
layered surface of the similar materials is made into a rough
surface with a thickness of approximately 5 mm, as shown in
Figure 14. Through the above method, the similar materials
poured in each layer can be closely combined to ensure the
integrity of the model test samples, to reduce the inﬂuence of
stress wave propagation.
2.5. Test Procedure. Owing to the complicated and high cost
of making model test samples, the scheme of repeatedly
applying blasting load to single test samples under diﬀerent
scales and distributions of static load is adopted to improve
the eﬃciency of the model test. The cylindrical stress wave
applied in the test sample is generated by using an electric
detonator to detonate four detonating fuses with a total
length of 1.6 m. The TNT (trinitrotoluene) equivalence is
approximately 17.6 g, and the charge is kept constant during
the test. The main model test steps are as follows.
(1) The four detonating fuses are tied together and ﬁxed
in the seamless steel pipe in the centre of the test
sample through the wooden centring stent, as shown
in Figure 15. To realize the scheme of repeatedly
applying blasting load, the quick-drying materials
are poured into the seamless steel tube as the loading
core in the model test samples and then maintained
for 24 hours, until the strength of the quick-drying
material is close to the rock simulation material.
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Figure 11: Arrangement of measuring points (unit: mm). (a) T1 sample. (b) T2 sample.

(a)

(b)

Figure 12: Layout of the joints in the model test samples. (a) T1 sample. (b) T2 sample.
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III
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Figure 13: Schematic diagram of layered pouring (unit: mm).

(2) After the model test sample is ﬁxed on the multifunctional testing machine for rock and soil, the
preset static load is applied. To facilitate the full
deformation of the model test samples, the static
loads are divided into two stages and slowly loaded to
the design value. The ﬁrst stage is loaded to one-half
of the preset value and lasts for 15 min; the second
stage is loaded to the design value and ﬁnally stabilized for 30 min.
(3) Keep the model test samples under a stable static
load, and then detonate the detonating fuses. At the

same time, the DH 5960 dynamic data acquisition
instrument is used to collect the dynamic stress and
strain time-history curve of each measuring point in
the model test samples under the blasting load.
(4) When the dynamic data collection is ﬁnished, the
three restrained steel beams near the seamless steel
tube in the model test samples are removed; then the
quick-drying material in the steel pipe is smashed by
an electric drill, and removed manually.
After the above four steps are completed, the wooden
centring stent with detonating cords can be placed again in
the seamless steel tube, and the quick-drying material can be
poured. When the strength of quick-drying material reaches
the strength required by the model test, the next blasting test
can be carried out.
In the model test, the boundary static loads applied to the
T1 and T2 samples are the same and are shown in Table 3.
The corresponding initial in situ stresses are also shown in
Table 3 according to the similarity theory. For each test
sample, four diﬀerent boundary static loads are carried out
to study the propagation law of the cylindrical stress wave in
the intact and jointed rock mass under diﬀerent two-dimensional equivalent conﬁning pressures.

Advances in Civil Engineering

7

(a)

(b)

Figure 14: Surface treatment of similar materials poured in layers. (a) Fabrication of rough surface. (b) Finished rough surface.

Figure 15: Schematic diagram of charge structure.

Figure 16(b), and the strain peaks of the measuring points
are −221.3 × 10−6, −226.54 × 10−6, −217.66 × 10−6, and
−213.61 × 10−6. The strain time-history curves of each
measuring point are almost overlapped before reaching the
strain peak. Figure 16 also shows that the propagation of the
blasting stress wave in the T1 and T2 samples is uniform in
diﬀerent directions and conforms to the propagation
characteristics of the cylindrical wave. Compared to the T1
sample, the strain peak values of each measuring point of the
T1 sample are generally small, but the diﬀerence is not large.
It shows that the explosion loads produced by the same
amount of detonating fuses are almost the same in the two
test samples.

Table 3: Boundary static loads of test samples.
Number
1
2
3
4

Experiment load (MPa)
Vertical
0
0.75
1.5
3

Horizontal
0
0.75
1.5
3

Initial in situ stress
(MPa)
Vertical
Horizontal
0
0
15
15
30
30
60
60

3. Attenuation Law of Cylindrical Wave in
Intact Rock Mass under Initial Stress
3.1. Uniformity Analysis of Cylindrical Wave Propagation.
To determine whether the propagation of the cylindrical
stress wave produced by the detonating fuses in all directions
is uniform in the model test samples, the strain measuring
points 1, 5, 9, and 13 which are of same distance to the
explosion source in the two test samples are taken as the
research objects. The strain time-history curves of each
measuring point without conﬁning pressure are shown in
Figure 16.
The strain peaks of measuring points 1, 5, 9, and 13 in the
T1 sample are −228.82 × 10−6, −225.99 × 10−6, −233.91 × 10−6,
and −232.03 × 10−6, respectively. From the strain waveforms
shown in Figure 16(a), the variation trend in the strain timehistory curve of each measuring point is almost the same before
reaching the strain peak, and the peak value is also close.
The strain time-history curves of the strain measuring
points 1, 5, 9, and 13 in the T2 sample are shown in

3.2. Eﬀect of Conﬁning Pressure. The stress and strain
measurement points are arranged in the test samples, and
the pressure measuring points record the variation of stress
wave amplitude value with time, which can directly show the
variation law of the amplitude of the cylindrical blast wave.
However, due to the limitations of test conditions, only two
pressure measuring points are arranged on each measuring
line in the test samples, which is not enough to obtain the
propagation law of the cylindrical blasting wave. Therefore,
the peak values of the four strain measurement points in the
intact rock mass measuring line are chosen to study the
propagation and attenuation law of the cylindrical stress
wave.
Without the initial stress, the strain time-history curves of
the radial strain measuring points 13, 14, 15, and 16 in the
intact rock mass of the T1 sample are shown in Figure 17. The
zero point in the abscissa of the coordinate axis is the moment
when the cylindrical wave is spread to measuring point 13.
The peak values of the strain curve are −232.03 × 10−6,
−138.62 × 10−6, 87.75 × 10−6, and 52.84 × 10−6, respectively.
It can be seen in the above ﬁgure that the peak strain of
each measuring point decreases with the increase of the
propagation distance of the cylindrical stress wave
without initial stress. When the cylindrical stress wave
propagates from measuring point 13 to 16, the amplitude
of the peak strain is reduced by 77.2%. To facilitate the
study, the absolute value of the strain peak value is used to
analyse the attenuation of cylindrical stress wave in intact
rock mass.
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Figure 16: Time-history curves of measuring points near explosion source without conﬁning pressure. (a) T1 sample. (b) T2 sample.
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Figure 17: Time-history curves of radial strain of measuring point
in intact rock mass without initial stress.

Figure 18: Attenuation law of the cylindrical stress wave in the
intact rock mass under diﬀerent conﬁning pressures.

The attenuation law of the strain peak of the measured
points in the intact rock mass of the T1 test sample under
diﬀerent conﬁning pressures is shown in Figure 18.
When cylindrical stress wave propagating across intact
rock mass, geometric attenuation and physical attenuation
both occur as the propagation distance increases. The
geometric attenuation is caused by the expansion of the
cylindrical stress wave front, which is independent of the
physicomechanical properties of the propagating medium
and the boundary conditions.
The mechanical parameters of the cylindrical
√�stress
wave front are all attenuated by the coeﬃcient 1/ r [29],
where r is the distance between the wave front and the
blasting source. The strain ε(r) on the wave front is as
follows:

r 1/2
ε(r) � ε0  0  ,
r

(4)

where r0 and ε0 are the radius and strain of the initial cylindrical stress wave front.
The physical attenuation mechanism of the cylindrical
stress wave in the intact rock mass is caused by the friction
eﬀect of the stress wave on the microcrack surface inside the
propagating medium [30]. The amplitude of the stress wave
decreases negatively and exponentially with propagation
distance:
ε(r) � ε0 e−α·r ,

(5)

where α is the physical attenuation coeﬃcient of the cylindrical stress wave.
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α � 0.0332σ 3 − 0.0859σ 2 − 0.0036σ + 0.649,

(6)

where σ is the conﬁning pressure and the correlation coeﬃcient is 0.93.
As seen in Figures 19 and 20, the physical attenuation or
the physical attenuation coeﬃcient of the cylindrical stress
wave propagation in the intact rock mass decreases ﬁrst and
then increases with the increase of the conﬁning pressure.
The reason for this phenomenon is that there are a large
number of microcracks inside the intact rock mass, and
when the stress wave propagates across the intact rock mass,
it will drive the microcracks to slide overcoming the frictional forces. In this process, part of the cylindrical stress
wave energy is converted into heat energy, resulting in a
decrease in its amplitude. When the conﬁning pressure is
low the microcracks in the rock mass are closed, the dynamic
stress required for the sliding of the microcracks is also
increased, and the number of microcracks that can slip
under the stress wave is reduced, so the physical attenuation

250

Strain (10–6)

200

150

100

50

0.1

0.2

0.3
0.4
Distance (m)

0.5

0.6

1.5 MPa
3 MPa

0 MPa
0.75 MPa

Figure 19: Physical attenuation law of cylindrical wave in intact
rock mass under diﬀerent conﬁning pressures.

0.9
Physical attenuation coefficient

The physical attenuation of the cylindrical wave in the
intact rock mass is aﬀected by the mechanical properties of
the propagation medium and the boundary conditions. The
geometric attenuation part is eliminated from the attenuation of the peak strain at the measuring points shown in
Figure 18 with respect to the propagation distance of the
cylindrical wave, and then the physical attenuation law of the
cylindrical stress wave in the intact rock mass under diﬀerent
conﬁning pressures is sorted out as shown in Figure 19.
It can be seen in Figure 19 that, with the increase of the
cylindrical wave propagation distance, the peak strain of
each measuring point decreases, and the greater the conﬁning pressure of the model test block, the lower the strain
peak value of the measuring point. It is shown that the larger
the static load, the smaller the dynamic response of the intact
rock mass.
When the conﬁning pressure increases from 0 to 3 MPa
and the cylindrical stress wave propagates from measuring
point 13 to measuring point 16, the decreased amplitude of
the peak strain is 26.8%, 25.6%, 25.2%, and 30.7%, respectively. It can be seen that the physical attenuation of the
cylindrical wave in the intact rock mass decreases ﬁrst and
then increases with the increase of the conﬁning pressure.
The peak strain of the measuring points under diﬀerent
conﬁning pressures in Figure 19 is ﬁtted by (5), which
reaches the conclusion that when the conﬁning pressure is
increased from 0 to 3 MPa, the physical attenuation coefﬁcients of the cylindrical wave are 0.657, 0.601, 0.586, and
0.749, respectively. Similarly, according to the above
method, the physical attenuation coeﬃcients of cylindrical
wave in the T2 test sample are 0.641, 0.623, 0.539, and 0.776,
respectively. In the two test samples, the variation law of the
physical attenuation coeﬃcients of the cylindrical wave
propagating across intact rock mass under diﬀerent conﬁning pressures is summarized in Figure 20.
With the change in conﬁning pressure, the physical
attenuation coeﬃcients of the cylindrical wave in the intact
rock mass basically meet the cubic function of one variable,
as shown in the following:
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Figure 20: Variation law of physical attenuation coeﬃcient under
diﬀerent conﬁning pressures.

of the stress wave decreases. With the increase of conﬁning
pressure, the closed microcracks in the intact rock mass are
expanded and the new microcracks are initiated, and the
number of microcracks that can slip under the stress wave
increases, so the attenuation of the stress wave increases
accordingly.

4. Propagation Law of Cylindrical Wave in
Jointed Rock Mass under Initial Stress
4.1. Eﬀect of Conﬁning Pressure. Because of the existence of
joints, the transmission and reﬂection occur when stress
wave passing through the joints will lead to the attenuation
of stress wave amplitude. In the absence of conﬁning
pressure, the propagation and attenuation law of cylindrical
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wave in intact rock mass and 30° single jointed rock masses is
shown in Figure 21. There is a discontinuity point when the
cylindrical wave propagates through the jointed rock mass,
so the propagation and attenuation law of cylindrical wave in
jointed rock mass cannot be studied by the same method as
the intact rock mass.
Diﬀerent from the intact rock mass, the ratio of the peak
values of the stress measuring points before and after the
joints with diﬀerent angles and numbers in the T1 and T2
samples are taken as the transmission coeﬃcient, to study
the propagation law of the cylindrical wave in the jointed
rock mass intuitively.
As a comparison, the transmission coeﬃcients of cylindrical wave in intact rock masses are also obtained. The
variation law of transmission coeﬃcient of intact and jointed
rock mass in T1 and T2 samples under diﬀerent conﬁning
pressures is shown in Figure 22.
It can be seen in Figure 22 that when the conﬁning
pressure increases from 0 MPa to 1.5 MPa, the transmission
coeﬃcients of jointed rock mass show an increasing trend,
and the increased amplitude decreases with the increase of
conﬁning pressure. The transmission coeﬃcient of jointed
rock mass decreases as the conﬁning pressure increases
when conﬁning pressure is greater than 1.5 MPa. For the
intact rock mass, with the increase of conﬁning pressure, the
transmission coeﬃcient also shows a trend of increasing ﬁrst
and then decreasing, but the amplitude of variation is
smaller than that of jointed rock mass. Figure 22 also shows
that the larger the conﬁning pressure, the closer the
transmission coeﬃcients of the intact and jointed rock
masses, which indicates that, with the increase of initial
stress, the joints close and gradually lose their eﬀect on the
propagation of stress wave.
The reason for the above phenomenon is that the attenuation of the cylindrical stress wave in the jointed rock
mass mainly consists of three parts: the physical attenuation resulting from propagation of stress wave in intact
rocks, the attenuation resulting from interaction between
stress waves and joints, and the geometrical attenuation
resulting from the expansion of wave fronts. Meanwhile, it
can be seen in Section 3.2 and Figure 20 that the physical
attenuation of the cylindrical stress wave in intact rocks of
joint rock mass decreases and then increases with the
increase of conﬁning pressure, while the geometric attenuation is only related to the geometrical shape of the
stress wave front and remains constant in the intact and
jointed rock mass. Under the combined action of the cylindrical stress wave and the conﬁning pressure, the joints
are nonlinearly deformed, and, with the conﬁning pressure
increasing, the stiﬀness of the joints increases correspondingly, and its attenuation eﬀect on the stress wave is
reduced [28].
For the jointed rock mass, when the conﬁning
pressure increases from 0 to 1.5 MPa, the attenuation of
the cylindrical wave propagating across joints decreases,
and the physical attenuation in rocks also reduces, with
the result that the attenuation of the cylindrical wave in
jointed rock mass decreases, and the transmission coeﬃcient increases. When the conﬁning pressure increases
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Figure 21: Attenuation law of cylindrical wave in the intact and 30°
single-joint rock mass without conﬁning pressure.

from 1.5 to 3 MPa, the physical attenuation of cylindrical
stress wave in the rocks increases, the attenuation at
joints continues to decrease and the transmission coefﬁcients of the jointed rock mass decrease, indicating that
the increment of physical attenuation of cylindrical wave
in rocks is greater than the decrement of the attenuation
at joints.
4.2. Eﬀect of the Number and Angle of Joints. When the
conﬁning pressure is 0, 1.5, and 3 MPa, the variation law of
the transmission coeﬃcients in jointed rock mass with the
angle of joint in T1 and T2 test samples is shown in
Figure 23.
Figure 23 shows that the increase of the number of joints
will lead to the decrease of transmission coeﬃcients. This is
because when the number of joints increases from 1 to 2, in
the propagation process of cylindrical stress wave passing
through the jointed rock mass, multiple transmission and
reﬂections will occur between the joints, which will lead to
the increase of the transmission coeﬃcients to some extent
[7]. However, at the same time, amplitude attenuation occurs when cylindrical stress wave passes through each joint.
It can be seen from the experimental results that, with the
increase of the number of joints, the transmission coeﬃcient
decreases, indicating that the attenuation of the cylindrical
stress wave at the joint is dominant in the attenuation of the
jointed rock mass.
It can also be seen in Figure 23 that when the conﬁning
pressure is 0 MPa, the transmission coeﬃcient of the
jointed rock mass decreases as the joint angle increases,
that is, when the incident angle decreases from 60 to 0
degrees. However, when the conﬁning pressure is greater
than 0 MPa, the transmission coeﬃcient increases as the
joint angle increases. This is due to the change in the joint
angle and generalized normal stiﬀness of joints under the
combined action of conﬁning pressure and cylindrical
stress wave.
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Figure 22: Variation law of transmission coeﬃcient of intact and jointed rock mass under diﬀerent conﬁning pressures. (a) T1. (b) T2.
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5. Conclusion
According to the propagation characteristics of cylindrical
stress wave, the model test samples including the intact rock
mass and jointed rock mass were designed, and a model test
of cylindrical stress wave propagation under diﬀerent initial
stresses was conducted. Then, through the stress and strain
measuring points embedded in diﬀerent positions of the
model samples and the dynamic data acquisition technique,
the propagation and attenuation law of the cylindrical wave
in the intact and jointed rock mass under initial stress was
studied. The model test carried out in this paper can provide
a new idea and method for studying the propagation law of

stress wave in jointed rock mass under static loads; moreover, the model test results are helpful for understanding the
propagation and attenuation mechanisms of cylindrical
stress wave across in situ stressed jointed rock mass. The
following conclusions can be drawn:
(1) The initial stress has a signiﬁcant impact on the
propagation and attenuation of cylindrical stress
wave in intact and jointed rock mass, and the rocks
and joints of jointed rock mass are in diﬀerent
mechanical states under diﬀerent initial stresses,
which leads to a change in the propagation law of
stress wave.
(2) The attenuation of the cylindrical stress wave in the
jointed rock mass mainly consists of three parts: the
physical attenuation resulting from the propagation
of the stress wave in rocks, the geometrical attenuation resulting from the expansion of the stress wave
fronts, and the attenuation resulting from the interaction between stress wave and joints. The geometric attenuation is only related to the geometry of
the stress wave front, while the physical attenuation
in rocks and the attenuation at the joints are aﬀected
by the initial stress.
(3) For the intact rock mass, a polynomial function can
be used to describe the relationship between the
conﬁning pressure and the physical attenuation
coeﬃcient. With the increase of the conﬁning
pressure, the physical attenuation of the cylindrical
wave decreases ﬁrst and then increases.
(4) The transmission coeﬃcients of the cylindrical wave
in jointed rock mass are related to joint angles,
quantities, and conﬁning pressures. Without the
conﬁning pressure, the transmission coeﬃcient
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decreases with the increase of the joint angle. When
the conﬁning pressure exists, the transmission coeﬃcient increases with the increase of joint angle.
With the increase of conﬁning pressure, the transmission coeﬃcient shows a trend of increasing ﬁrstly
and then decreasing. The transmission coeﬃcient
also decreases as the number of joints increases.
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