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)e propagation of stress waves in filled jointed rocks involves two important influencing factors: transmission-reflection
phenomena and energy attenuation. In this paper, the split Hopkinson pressure bar (SHPB) test is used to shock the filled rock
with joint angles of 0, 30, and 45° and the thickness of 4mm and 10mm, respectively, in three different velocities. )e wave curves
of the incident wave, reflected wave, and transmission are obtained. )e effects of the filling angle and joint thickness on wave
propagation are analyzed. Based on the propagation characteristics of stress waves in joints, the stress expression of oblique
incident stress waves propagating in filling joints is derived, and the energy coefficient of transmission and reflection is calculated.
)e results show that the propagation of stress wave in filling joints is related to the impact rate. )e larger the impact rate is, the
larger the maximum voltage amplitude of the three waves is. And the increasing amplitude of the incident and reflected waves is
larger than the transmitted wave; the greater the impact velocity is, the smaller the stress-strain curve gap of the three dip joints is,
and the fracture strength of the specimen decreases with the increase of the joint dip angle. )e larger the joint dip angle is, the
smaller the deformation of the rock-like specimen is. )e change of the transmission coefficient is related to the joint angle, and
the larger joint angle weakens the influence of the joint width on the transmission of the transmitted wave; under each impact
velocity, the theoretical and experimental stress peaks are approximately the same, and the transmission coefficient maintains a
good consistency with the oblique incident angle.

1. Introduction

Rock is a natural geological body formed by the aggregation
of minerals or cuttings under geological conditions. It is an
important part of rock mass. )e interior of the rock mass
retains various permanent deformations and various geo-
logical structural traces such as unconformity, folds, and
joints. )e existence of joints can result in the discontinuity,
heterogeneity, and anisotropy of rock mass. Moreover, the
propagation of stress waves in the jointed rock mass can
become a complicated process. Stress wave attenuation
occurs when the joint filling reaches a certain thickness and
becomes nonnegligible. In addition, it can cause the at-
tenuation of wave propagation velocity and energy which
can further affect the stability of rock mass [1–3]. )e in-
cidence condition of stress waves at any angle can be more

complicated than that of the vertical incidence condition in
the rock joint. )erefore, profoundly studying the fluctua-
tion characteristics and the dynamic properties of stress
waves in the infilled obliquely jointed rock mass will have
considerable theoretical significance and engineering ap-
plication value.

)e dynamicmechanical response of an infilled joint and
its influence on the propagation characteristics of stress
waves after an oblique incidence have become a hotspot
research topic. Numerous researchers have investigated
infilled jointed rock masses from theoretical and experi-
mental aspects. Zhou et al. [4] used the professional finite
difference software FLAC3D to carry out complex modeling
and numerical simulation of embankment stability of tunnel
blasting force to reveal the relationship between the blasting
seismic wave and vibration velocity and embankment

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 7924742, 12 pages
https://doi.org/10.1155/2020/7924742

mailto:bugyu0717@163.com
https://orcid.org/0000-0003-0088-7652
https://orcid.org/0000-0002-2703-4943
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/7924742


displacement under different excavation steps. However, the
effect of joints on blasting seismic waves has not been an-
alyzed in the greater depth. Indraratna et al. [5, 6] and Yu
et al. [7] studied the peak shear strength of jointed rock mass
with soft fillings. Khosravi et al. [8] used cylindrical plaster
cast specimens containing oblique zigzag infilled joints to
study the hydraulic fracture mechanism of infilled joints.
Mirzaghorbanali et al. [9] used clay-sand-filled model
specimens to conduct a cyclic shear test under normal
stiffness, based on which a mathematical model was pro-
posed to evaluate the shear strength of infilled joints under
the effect of cyclic shear load. Chen et al. [10, 11] studied the
influences of joint goodness-of-fit on the joint transmission
coefficient and the joint stiffness by grooving on a rock
without considering the oblique incidence of stress waves. Li
et al. [12–14] combined wavefront momentum conservation
theory and a displacement discontinuity method to propose
a recursive analysis method of time domain in the stress
wave propagation process. In addition, the authors carried
out an experimental study of the propagation characteristics
of stress waves in infilled joints under the impact load
through the split Hopkinson pressure bar (SHPB). However,
the energy attenuation brought by the thickness of the
infilled joint to the stress wave propagation was not con-
sidered. Li et al. [15] used the split Hopkinson pressure bar to
study the influence of joint thickness on seismic response
across a filled fracture with strong nonlinear deformability.
However, the influence of joint angles was not considered.
Yang et al. [16] conducted an impact test of jointed rock
specimens, which were manually fabricated, through the
SHPB device and explored the influence of joint filling on the
dynamic mechanical properties of rocks. However, the
authors’ study was only restricted to conditions under a 0 dip
angle of joints, whereas the influence of other joint angles on
stress wave propagation was neglected. Li and Ma [17]
established the propagation equation of explosive stress
waves after an oblique incidence into linear elastic joints
according to the law of momentum conservation on the
wavefront and displacement discontinuity at the two sides of
the infilled joints. Moreover, the authors obtained the an-
alytical expression of the transmission and reflection coef-
ficients of the stress waves propagated on the joint surface.
Che et al. [18] investigated the influence of stress waves on
the slope stability of a jointed rock mass through a numerical
simulation and an experimental study. However, the in-
fluence of the joint width on stress wave propagation was not
considered, and the attenuation phenomenon of stress wave
transmission was neglected.

Specimens containing oblique joints are fabricated for
the SHPB test to study the wave laws of oblique stress waves
in the infilled jointed rock with certain thickness. Vertical
impact is used to reflect the oblique incidence, and the
incident, reflected, and transmissive waveforms before and
after the stress waves that traverse the joint are obtained. In
addition, the influences of the joint angle and thickness on
stress wave propagation are analyzed. Moreover, the stress
expression regarding the propagation of oblique stress waves
in the infilled joint is derived. )en, the transmission and
reflection energy coefficients are calculated and compared

with the test values. Finally, the related conclusions are
obtained.)ese findings could have a guiding importance on
the analysis of the propagation of oblique stress waves in the
infilled joint as well as on complicated engineering
calculations.

2. Testing Program Design and
Specimen Preparation

2.1. ProgramDesign. )ree joint angles, namely, 0°, 30°, and
45°, were designed to investigate the influence of different
joint angles on wave propagation characteristics [7, 19]. All
the joints ran through the specimen along the axial direction,
and the joint thicknesses were 4mm and 10mm. )e draw
ratio of each specimen was l/∅� 1. Given that the diameter
of the incident SHPBwas 50mm, the specimen diameter and
height were the same at 50mm. )e specimens were fab-
ricated by using a manual preparation method, and the
specimen design is shown in Figure 1.

)e impact velocity of the SHPB in the test was decided by
the air pressure and the distance from the impact bar to the
incident bar.)ree different impact conditions were designed
in the test, and the distance from the impact bar to the in-
cident bar was strictly controlled. Meanwhile, the air pressure
threshold P was set, and the distance from the impact bar to
the incident bar was set as L. )ey are P1 � 0.1MPa,
L1 � 25 cm, P2 � 0.1MPa, L2� 40 cm, P3 � 0.2MPa, and
L3 � 30 cm. )e mean values of the three impact velocities
measured through the experiment were as follows:
V1 � 3.26m/s, V2 � 4.11m/s, and V3 � 5.53m/s.

2.2. Specimen Preparation. A natural jointed rock mass is a
composite structure consisting of a rock and a structural
plane (layer) containing fillings. Similarity theory and do-
mestic and foreign rock specimen preparation experience
[20] were combined, in the manual specimen preparation
process. Cement mortar was selected as the specimen ma-
terial, simulation was conducted by regulating different
matching ratios of the cement mortar [16], and the concrete
matching ratio of the cement mortar and the mechanical
parameters is shown in Table 1.

A cylinder model was prepared. )e die was a trans-
parent PVC tube with 50mm inner diameter, 5mm
thickness, and 50mm height. One of its ends was sealed.
During the specimen preparation process, hand mixing and
vibrating modes were adopted after intensive mixing
according to the matching ratio of the cement mortar in
Table 1. )e specimen contained infilled joints, and the
layered casting mode was adopted. )e purpose of con-
trolling the thickness of the joint layer is achieved by
controlling the quality of the mortar. )e angle of joint layer
can be controlled by controlling the distance between joint
boundary and specimen boundary. Given that the oblique
joint and angle were involved, accuracy control was re-
quired. Meanwhile, the complete rock specimen was cast
according to the matching ratio as the blank control. After
casting was completed, it was cured in a curing tank for 28
days. It was removed and dried after curing, and the PVC
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tube was cut open by a cutting machine to remove the
specimen. �e sample is shown in Figure 2.

2.3. Testing and Loading Equipment. A right conical and
variable cross-sectional SHPB device was used in the test,
and the system satis�ed the hypothesis of 1D plane stress
conditions [21]. A circular brass sheet was selected in the test
as a wave shaper to improve the waveform distortion and the
nonuniform stress. �e images of the testing device and the
schematic of its working principle are shown in Figure 3.

�e specimen was placed between the incident and the
transmission bars, and then the impact bar was driven by the
impact wave, which was released by the compressed gas. �e
specimen experienced a re�ection and transmission phe-
nomenon on the contact face between itself and the bar
when the impact wave passed through it. �e initial posi-
tions of the impact and incident bars remained unchanged in
the test to obtain the same impact velocity. �e in�lled
jointed specimen was included between the incident and
transmission bars. Vaseline was evenly smeared on the
contact face between the specimen and the steel rod to
reduce friction. �e stress wave generator was started to
allow the impact bar to in�uence the elastic incident bar,
thereby generating a loaded stress wave of a certain shape.
�e time the impact bar spent in passing through the UV

receiver was directly measured by using a velocimeter, and
the impact velocity in the test process was calculated. Each
test was repeated thrice to ensure the accuracy of the test
results.

3. Test Results and Analysis

3.1. Stress Wave Oscillograph Measured in the Test. �e in-
cident, transmissive, and re�ected waves were measured
through strain gauges on the incident and transmission bars.
�e specimens with 4mm and 10mm joint thicknesses had
similar laws. �us, the 4mm thickness was taken as an
example in the analysis process to avoid unnecessary details.

Figure 4 shows the impact process morphology of
complete rock specimens and the 4mm �lled joint speci-
mens with di�erent impact velocities at the same oblique
incidence angle. �e maximum voltage amplitudes of the
incident, re�ected, and transmissive waves of the complete
rock specimen were greater than those of the jointed
specimen. Figures 4(a)–4(c) show that when the jointed
specimens with di�erent angles were impacted under ve-
locities V1 and V2, the maximum voltage amplitudes UImax
and URmax of the incident and re�ected waves presented a
gradually increasing trend as the dip angle declined. Both
values were smaller than 0.6V. UTmax of the transmissive
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Figure 1: �e design �gure of two thickness �ller joint test pieces: (a) 4mm and (b) 10mm.

Table 1: Mechanical parameters of the simulated rock and joint.

Material category Mortar ratio
Parameter

Density (g·cm− 3) Elastic modulus (GPa) Poisson’s ratio (v)
Rock 20 : 40 : 9 2.08 31.3 0.25
Joint 20 : 60 :11 1.86 26.5 0.32
�e proportion of mortar is cement: sand: water: cement is marked with 42.5 cement; �ne sand is made of river sand with a particle size of 0.5mm∼1mm.
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wave also presented similar laws. �e transmissive wave was
triggered after the re�ected wave started, and UTmax �uc-
tuated at 0.2 V. When the jointed specimens with di�erent
angles were impacted under velocity V3, the maximum
voltage amplitudes of the incident wave and re�ected waves
were evidently elevated, thereby reaching approximately
0.9V.

Figure 5 shows the failure modes of the specimens under
the impact velocity (the joint angles of the specimens were

45°, 30°, and 0° in Figures 5(a)–5(c), and Figure 5(d) shows
the complete specimens without joints).

Figure 5 reveals that all the in�lled jointed specimens
experienced evident macroscopic failure under the impact
velocity of V3. However, the specimens had slightly di�erent
failure modes under di�erent joint angles. �e joint-free
complete rock had a similar failure mode to that under the
joint angle. In other words, the specimen which was contacted
with the end of the incident bar and the joint was fractured,
while the other end remains relatively intact. �e in�lled
jointed specimen fractured into multiple blocks when the
joint angle was 30°. �e in�lled jointed specimen fractured
into �ne blocks when the joint angle was 45°. Figure 6 presents
the changed laws of the maximum voltage amplitude of the
in�lled jointed specimen with 4mm thickness and a joint
angle under three di�erent impact velocities.

Figure 6 shows the following: (1) �e maximum voltage
amplitudes of the incident, re�ected, and transmissive waves
(hereinafter referred to as the three waves) presented
identical declining trends with the joint angle. �e
descending slope of the maximum voltage amplitude from 0°
to 30° was evidently smaller than that from 30° to 45°. �us,
the maximum voltage amplitudes of the three waves pre-
sented declining trends with the joint angle. Moreover, the
larger the joint angle, the more evident the declining trend of
the maximum voltage amplitude. �is conclusion was
consistent with the conclusion drawn by Yan et al. [22] in the
experimental study of SHPB-like materials in the dynamic
failure of jointed rocks. (2) When the joint angle was certain,
the higher the impact velocity, the greater the maximum
voltage amplitudes of the three waves. Furthermore, the
higher the impact velocity, the faster the maximum voltage
amplitudes of the incident and re�ected waves. When the
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Figure 2: Shape after processing the specimen.
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Figure 3: Test device of SHPB.
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impact velocity increased from V1 to V2, the increase in the
maximum voltage amplitudes of the three waves were small.
However, when the impact velocity increased from V2 to V3,

Umax of the incident and reflected waves rapidly increased to
0.9V, whereas the growth of the transmissive wave was not
evident.
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Figure 4: Morphology of 4mm filled joint specimens under impact at different impact velocities. )e shape of 0° (a), 30° (b), 45° (c), and
unjointed (d) rock mass specimens under different impact velocities.
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Figure 5: Damage form of 4mm specimens under impact velocity V3: (a) θ � 45°, (b) θ � 30°, (c) θ � 0°, and (d) no joint.
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3.2. Rock Stress-Strain Relation Analysis. Figure 7 shows the
dynamic stress-strain curves of infilled jointed specimens
with 4mm thickness and different angles, which were
measured under three different impact velocities.
Figures 7(a)–7(c) represent the stress-strain relation curves
under impact velocities V1, V2, and V3, respectively.

As shown in Figure 7, the gaps of the stress-strain
curves of joints with three dip angles were gradually di-
minished as the impact velocity rose. )e larger the joint
angle θ, the lower the peak stress of the rock specimen; that
is, the failure strength of the specimen decreased as the
joint angle θ increased. )e larger the joint angle, the
smaller the deformation of the rock specimen; that is, the
specimen deformation decreased as the joint angle θ in-
creased. Figure 7(a) shows that under a low-impact velocity
V1, the stress-stain curves of 30° and 45° joint angles were
approximate. Evident linear elastic deformation features
appeared in the initial phase, followed by the unstable
fracture development phase. When the stress reached
approximately 55–65MPa, the specimen entered the
postfailure phase, and the curve change was major under
the joint angle 0°, with an evident strengthening phe-
nomenon. When the stress reached 75MPa, the specimen
entered the postfailure phase, and the peak stress of the
specimen gradually declined as the joint angle θ increased.
Figures 7(b) and 7(c) also reflect similar laws, thereby
indicating that the change in joint angle θ considerably
affected the dynamic mechanical properties of rock-like
specimens.

Table 2 shows the basic test parameters of different
infilled joints under a high-impact velocity V3 and the test
results under the effect of dynamic load. Table 2 indicates
that the peak stress of each specimen presented a rising trend
with the impact velocity. When impact velocity was V1, the
average peak stress was 61MPa. )e average peak stress was
112MPa when the impact velocity increased to V3. When
the average impact velocity was V1 � 3.37m·s− 1, the variance
value of the peak stresses was 8.75. )e variance value of the
peak stresses was 9.48 under V2 � 4.14m·s− 1 and 5.41 under
V3 � 5.61m·s− 1. )us, the higher impact velocity, the smaller
the discreteness of the peak stress.

3.3. Energy Analysis. )erefore, the test conditions satisfied
the 1D assumptions of the SHPB principle. )e stress wave
was a 1D elastic longitudinal wave and did not experience
stress attenuation when propagated along the incident and
transmission bars. According to the energy calculation
formula of the SHPB, the incident, reflected, and trans-
missive energies are expressed as follows:

WI(t) � A0E1C1 
t

0
εI(t)dt,

WR(t) � A0E1C1 
t

0
εR(t)dt,

WT(t) � A0E2C2 
t

0
εT(t)dt,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where WI(t), WR(t), and WT(t) are the energies of the
incident, reflected, and transmissive waves, respectively;
εI(t), εR(t), and εT(t) correspond to the strain time-history
curve of the incident, reflected, and transmissive waves,
respectively; A0 is the sectional area of the compression bar;
E1 and E2 are the elasticity modulus of the input and output
bars, respectively; and C1 and C2 are the wave propagation
velocities.

)e law of energy conservation indicated that the energy
WS(t) absorbed by the specimen in the crushing process is as
follows:

WS(t) � WI(t) − WR(t) − WT(t). (2)

)e consistency of the impact velocity under the same
conditions could not be guaranteed given that the impact
velocity was controlled by air pressure. To eliminate the
influence of the amplitude fluctuation of the incident wave,
the ratio method was used for the comparative analysis.
Moreover, the average values of the data obtained through
the same type of specimen were considered. Transmission
coefficient T was defined to quantitatively analyze the in-
fluence of joints on stress wave propagation, and its cal-
culation formula is as follows:

T �
WT(t)

WI(t)
. (3)

Statistical data were obtained according to the energy
calculation formula of the SHPB, as shown in Table 3.
Energies and energy consumption ratios were obtained
according to Table 3 when the stress waves passed through
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Figure 7: Stress-strain relation curves of different joints under three impact velocities: (a) V1, (b) V2, and (c) V3.

Table 2: Test results of test pieces under different joint materials.

Joint angle θ (°)
Impact velocity (m·s− 1) Stress peak (MPa)

Strain peak
Test value Average value Test value Average value

0 3.30
3.37

71
61

0.00267
30 3.57 63 0.00351
45 3.25 50 0.00282
0 4.16

4.14
90

82
000284

30 4.30 84 0.00252
45 3.97 72 0.00285
0 5.73

5.61
120

112
0.00323

30 5.70 110 0.00338
45 5.40 106 0.00342
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the rock specimens with different joint angles under three
different impact velocities. )e specimen contained dis-
continuous structural planes owing to the existence of joints.
When a longitudinal wave generated under the impact load
was propagated in the specimen, the stress wave passed
through transmission and reflection, thereby generating
amplitude attenuation and energy dissipation. )us, the
transmission coefficient was smaller than 1.

Figure 8 shows the change curves of the average
transmission coefficient and the joint angle of the same type
of specimens under different joint thickness values and three
different impact velocities.

As shown in Figure 8, when the joint width was certain,
the average transmission coefficient presented a declining
trend as the joint angle increased under different impact
velocities. Moreover, the larger the angle, the more evident
the declining trend. Under the same impact velocity, the
smaller the joint angle, the smaller the wave attenuation, and
the larger the amplitude of the transmissive wave. When the
incident wave was propagated in the specimen with a 4mm
joint width, its transmissivity was evidently better than the
specimen with a 10mm joint width. In addition, as the joint
angle increased, the difference between the two specimens
with different joint widths was gradually reduced, declining
from 3.45% under θ � 0° to 3.11% under θ � 45°. )us, the
large joint angle weakened the influence of the joint width on
the transmissive wave propagation. )e stiffness of the joint
material was lower than that of the rock material.)e greater
the joint width, the smaller the overall specimen stiffness.
)en, the transmission coefficient under a small joint width
and tight distribution was larger than that under a large joint
width and discrete distribution [20].

Different impact velocities would cause different incident
wave energies and different displacements generated by the
joint, which would also impact stress wave propagation. Fig-
ure 9 shows the change curves of the transmission coefficients
of infilled joints under three different impact velocities. )e
figure demonstrates that when the joint width was certain, the
effect of the impact velocity on the transmission coefficient
would be gradually weakened as the joint angle increased.
When the joint width was 4mm, the variance value of the
transmission coefficients under three impact velocities and the
joint angle θ � 0° was 0.0165 and 0.0018 under θ � 30°. )e
value declined to 0.0011 when the joint angle increased to
θ � 45°, and the joints with a 10mm width had the same laws.

4. Stress Attenuation in the Infilled Joint

4.1. Stress Wave Transmission in the Infilled Joint. )e
transmission of oblique stress waves in the structural plane
included the transmission from rock to infilled joint, from
infilled joint to rock, and multiple transmission and re-
flection in the infilled joint. )e transmission process can be
expressed in Figure 10.

)e longitudinal wave velocity in the rock mass was set
as C1, the longitudinal wave velocity of the filling medium in
the joint was C2, and ρ1 and ρ2 were the initial densities of
the rock and the filling media, respectively. )e

characteristic impedances of the rock and the filling media in
the joint were expressed by ρ1C1 and ρ2C2, respectively.
When the stress wave experienced the first transmission and
reflection on the interface under the angle of incidence θ, the
reflected wave σR and the transmissive wave σT can be
written as follows:

σR �
ρ2C2 − ρ1C1

ρ2C2 + ρ1C1
σI

cos θ
cos βR

σT �
2ρ2C2

ρ2C2 + ρ1C1
σI

cos θ
cos αT

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

, (4)

where σI, σR, and σT are the incident wave, reflected wave,
and transmissive wave stresses, respectively; the angle of
incidence is θ; and βR and αT are the angles of reflection and
transmission after the incident wave went through the first
transmission and reflection on the interface, respectively;
and the remaining transmissions can be performed in the
same manner.

When the transmissive wave σT reached the interface at
the other size through the filling medium in the joint, as the
stress wave attenuated with distance,σT was transformed
into ΔσT1 + σT, where ΔσT1 was the increment of the ef-
fective width Δr that passed by σT on the surface of the
infilled joint (reduced to a negative value). ΔσT1 + σT would
experience another reflection on this interface. )e reflected
wave was expressed by σR1, and then the following can be
obtained:

σR1 �
ρ1C1 − ρ2C2

ρ2C2 + ρ1C1
ΔσT1 + σT( 

cos αT
cos βR1

. (5)

For the convenience of the following calculation, ΔσT1 �

Δσ1 was set, and equation (5) can be rewritten as follows:

σR1 �
ρ1C1 − ρ2C2

ρ2C2 + ρ1C1
Δσ1 + σT( 

cos αT
cos βR1

, (6)

where βR1 is the angle of reflection after the transmissive
wave σT experienced the first reflection. In a similar ap-
proach, the transmissive wave stress σT1 in each transmis-
sion process can be obtained:

σT1 �
2ρ1C1

ρ2C2 + ρ1C1
Δσ1 + σT( 

cos αT
cos αT1

. (7)

4.2. Quantification of Stress Attenuation in the Infilled Joint.
Equations (6) and (7) indicate that the stress after the stress
wave passed through the infilled joint can be quantitatively
determined only by calculating Δσ1. )e attenuation laws of
the stress wave in the propagation process and effective
width rr of the infilled joint were combined for a quantitative
analysis of Δσ1.

)e stress wave attenuation of the general ore-bearing
rock media satisfied σ∝ 1/rωr , where ω was the attenuation
index. For the cylindrical wave in the rockmass, 1≤ω≤ 2. As
the emphasis was laid on investigating the influence of
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infilled joints on stress wave propagation in this study, it was
assumed that the stress wave did not experience attenu-
ation in the hard rock. )e joint width r and the atten-
uation coefficient ω, which were previously defined, were
combined to provide the expression of attenuation Δσi of
the stress wave in the soft intercalated layer, where
σR0 � σT:

Δσi � 1 −
k

rωr
 σR(i− 1), i � 1, 2, 3, 4, . . . , n

rr �
r

cos θ

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (8)

where k is a constant when i � 1. Meanwhile, the following
can be obtained according to Snell’s law:

sin θ
C1

�
sin βR

C1
�
sin αT

C2
,

sin βR(i− 1)

C2
�
sin βRi

C2
�
sin αTi

C1
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(9)

)e first transmission and reflection stresses can be
calculated by substituting equations (8) and (9) into equa-
tions (6) and (7):

Joint width: 10mm
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Figure 8: Transmission coefficient curve under different joint
angles.

Table 3: Statistics of energy ratio and energy dissipation of filled joint rock sample.

Joint angle
(°)

Joint thickness
(mm)

Test piece
number WI (J)

WR/WI (%) WT/WI (%) WS/WI (%)
Test
value

Average
value

Test
value

Average
value

Test
value

Average
value

0

4
CTBB0-1 75.21 53.13

52.37
9.32

11.23
37.55

36.40CTBB0-2 84.29 49.43 11.02 39.55
CTBB0-3 139.45 54.56 13.34 32.10

10
CTHB0-1 70.43 58.38

59.59
7.78

7.78
33.84

32.63CTHB0-2 79.94 57.97 8.54 33.49
CTHB0-3 130.56 62.42 7.01 30.57

30

4
CTBB0-1 72.78 49.26

48.36
9.32

9.15
41.42

42.49CTBB0-2 87.34 45.38 9.22 45.40
CTBB0-3 123.78 50.45 8.90 40.65

10
CTHB0-1 70.21 53.41

56.12
6.08

5.89
40.51

37.99CTHB0-2 81.76 55.54 5.57 38.89
CTHB0-3 121.85 59.42 6.01 34.57

45

4
CTBB0-1 73.21 45.67

46.08
4.88

4.98
49.45

48.94CTBB0-2 80.34 40.88 5.13 53.99
CTBB0-3 112.47 51.69 4.92 43.39

10
CTHB0-1 68.53 49.54

51.16
2.14

1.87
48.32

46.97CTHB0-2 79.45 50.04 1.57 48.39
CTHB0-3 100.56 53.90 1.91 44.19

Impact velocity V1
Impact velocity V2
Impact velocity V3
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Figure 9: Transmission coefficient variation curve of filling joint
types under three impact velocities.
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σR1 �
k

rωr
×
ρ1C1 − ρ2C2

ρ2C2 + ρ1C1
σT

σT1 �
k

rωr
×

2ρ1C1

ρ2C2 + ρ1C1
σT

cos αT
cos θ

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

. (10)

4.3. Analysis and Discussion. )e acquired reflected wave in
the test occurred on the rock surface, which differed from the
theoretical hypothesis to a certain degree. )e transmissive
waves passing through the joint were mainly discussed in the
experimental and theoretical comparative analyses given that
the influence of the infilled joint on stress wave propagation
was mainly studied in this paper. )e mechanical charac-
teristic parameters of the infilled joint with the oblique in-
cidence of the stress waves are shown in Table 1. )e stress
wave propagation velocity C in the different materials can be
determined through the following equation [23]:

C �

��
E

ρ



. (11)

)e parameters were substituted into equation (11) to
obtain the stress wave propagation velocities in the rock and
joint materials at 3879 and 3774m/s, respectively.

)e definition is provided as follows:

T �
σT1
σI

, (12)

where T is the transmissivity coefficient. )e related
knowledge about the stress wave indicated that the stress of
the incident bar can be determined through the following
formula:

σI �
1
2
ρ0CV, (13)

where ρ0 is the density of the SHPB, C is the stress wave
propagation velocity in the bar, and V is the velocity of the
impact bar.

A bullet impacted the incident bar to generate an in-
cident wave, and the specimen was under maximum stress
effect when the stress wave reached the interface between the
incident bar and specimen. Here, the specimen with 4mm
thickness of the infilled joint was calculated according to
equation (13) for a comparative analysis, as shown in Table 4.
As shown in Table 4, under different impact velocities, the
theoretical peak stress was largely identical with the peak
stress obtained through the test. )e three peak stresses
increased with the impact velocity but declined as the joint
angle increased.

Rock Infilled joint Rock

σR

σT1
σR1

σT

σI

σI1

βR

βR1

θ

ρ1, C1 ρ1, C1ρ2, C2

αT

αT
αT1

Δσ T1

Figure 10: )e transfer process of the stress wave in the weak structural plane.

Table 4: Stress peak comparison table.

Joint angle Impact velocity (m·s− 1)
Stress peak (MPa)

)eoretical value Experimental value

0
3.30 65.95 71
4.16 83.13 90
5.73 114.51 120

30°
3.57 71.34 63
4.30 85.93 84
5.70 113.91 110

45°
3.25 67.74 50
3.97 81.33 72
5.40 114.31 106
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)e transmissivity coefficient after the stress wave passed
through the joint was calculated through equation (12) and
compared with the average transmissivity calculated in
Table 3. )e parameters of the specimens with 4mm and
10mm thicknesses of infilled joints under 0°, 30°, and 45°
conditions were still selected in the calculation process. )e
concrete results are shown in Figure 11.

Figure 11 shows that because of the existence of infilled
joints, the transmission energy coefficients calculated from
the theoretical result and that measured by the SHPB test were
both very small, even less than 0.12. )e transmission energy
coefficient declined as the angle increased.)us, the larger the
joint angle, the poorer the transmission effect of the stress
waves, and the more the energy lost in the propagation
process. )e thickness of the infilled joint material also had a
bearing on the transmissivity coefficient.)e smaller the joint
thickness, the better the transmissivity of the stress waves, and
the higher the transmissivity coefficient. In summary, the
theoretical calculation result was identical to the test result.

5. Conclusion

)e SHPB test was carried out for prefabricated infilled jointed
rocks with two different thickness values under different angles.
)ey were impacted under three different impact velocities,
and the stress expression of the oblique stress wave propagated
in the infilled joint was derived. )e transmission energy
coefficient was defined and calculated and then compared with
the test value. )e following conclusions can be drawn:

(1) )e stress wave propagation in the infilled joint was
affected by the impact velocity.)e higher the impact
velocity, the greater the maximum voltage ampli-
tudes of the incident, reflected, and transmissive
waves. In addition, the maximum voltage amplitudes
of the incident and reflected waves were greater than
that of the transmissive wave.

(2) )e failure form and the strength of the jointed rock
were closely related to the joint angle. )e maximum
voltage amplitudes of the three waves presented a
declining trend as the joint angle increased. )e
larger the joint angle, the more evident the declining
trend. )e joint angle affected the stress-strain curve
relation of the infilled jointed rock. Under a high-
impact velocity, the failure strength of the rock
specimen declined as the joint angle θ increased.
Moreover, the larger the joint angle, the smaller the
deformation of the rock specimen.

(3) )e change in the transmission coefficient was related
to the joint angle.When the joint widthwas certain, the
average transmission coefficient presented a declining
trend as the joint angle increased under different
impact velocities. In addition, the larger the joint angle,
the more evident the declining trend. )e large joint
angle weakened the influence brought by the joint
width to the propagation of the transmissive wave.

(4) Under different impact velocities, the theoretical peak
stress was largely identical with the experimental peak
stress, and the three peak stresses increased with
impact velocity. )e strength of the infilled joint
material declined as the joint angle increased, thereby
indicating that the testing method was accurate and
the experimental data results were reliable.
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Figure 11: Comparison of transmission energy coefficients between theoretical and experimental values.
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