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Abstract
Background The dynamic mechanical properties and permeability evolution of deep rocks under coupled osmotic-mechanical 
conditions are vital for evaluating the stability of surrounding rock in deep rock engineering and further improving deep min-
ing efficiency. However, there is currently no valid experimental system to measure both the dynamic mechanical response 
and the permeability evolution of deep rocks.
Objective In this study, a novel experimental system is developed for determining dynamic compressive properties and 
permeability evolution of deep rocks subjected to coupled differential pore pressure and confinement.
Methods The experimental system is composed of a dynamic loading system, an in-situ stress system, a differential pore 
pressure system, and a data acquisition system. The differential pore pressure system is introduced in the dynamic loading 
system, and the validation of the proposed system is verified by checking the stress wave propagation in the bars and the 
dynamic force balance on the two loading ends of specimens. It indicates that the differential pore pressure device added to 
the dynamic loading system barely influences the measurement of the dynamic behaviors of rocks. A homogenous green 
sandstone (GS) is employed to verify the feasibility and reliability of the proposed system. Dynamic compressive strength, 
permeability evolution, and failure mode of GS under cyclic dynamic impact loading in combination with coupled osmotic-
confining pressure are explored using the proposed system.
Results The stress–strain curves change with the increase of impact number, and the cyclic impacts deteriorate the dynamic 
compressive strength of GS. The permeability of GS first increases and then decreases with the impact number. The dif-
ferential pore pressure enhanced the permeability of GS under the same impact cycle. The main fracture mode of the GS 
specimen is mainly compressive-shear fracture in combination with a tensile fracture in the middle of the specimen due to 
the coupling effect of the reflected stress wave and the osmotic-confining pressure.
Conclusions The proposed experimental system is valid and effective to measure and observe the dynamic compressive 
behaviors and permeability evolution of rocks under coupled osmotic-mechanical conditions.
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Introduction

Deep rock engineering (e.g., the exploitation of the deep 
resources and energy) is inevitably involved in the assess-
ment of the stability of deep rocks, which are generally sub-
jected to a complex geological environment with high in-situ 
stress, high differential pore pressure, high temperature, and 
dynamic disturbances caused by operational blasting and 
earthquakes [1–4], etc. Mitigation of geological hazards in 
deep rock engineering is challenging as the deep rocks expe-
rience the extremely complex geological environment men-
tioned above. Especially, geological hazards (such as water 
inrush, water gushing, rockburst, coal and gas outburst, 

K. Xia is a member of SEM.

 * W. Yao 
 yaow@tju.edu.cn

1 College of Sciences, National University of Defense 
Technology, Changsha 410073, China

2 State Key Laboratory of Hydraulic Engineering Intelligent 
Construction and Operation, School of Civil Engineering, 
Tianjin University, Tianjin 300072, China

3 Yalong River Hydropower Development Company, Ltd., 
Chengdu 610065, Sichuan, China

4 China National Coal Group Corporation, 1 Huangsi St., 
Chaoyang District, Beijing 100120, China

5 Institute of Geosafety, China University of Geosciences 
(Beijing), Beijing 100083, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11340-024-01063-z&domain=pdf


896 Experimental Mechanics (2024) 64:895–911

etc.) are prone to occur in deep rock with high differential 
pore pressure when the dynamic disturbances induced by 
the fault activation and operational blasting are exerted on 
deep rocks, severely affecting project progress and person-
nel safety. Therefore, the failure behaviors of deep rocks 
with differential pore pressure triggered by dynamic distur-
bances have attracted great attention worldwide in the deep 
rock engineering community. Understanding the dynamic 
mechanical and transport behaviors of deep rocks is essential 
for revealing the failure mechanism of deep rocks for the 
safe and efficient exploitation of deep resources and energy.

Some studies have been conducted by scholars on the 
dynamic mechanical behaviors of rocks with water satura-
tion [5–10]. Generally, the dynamic compressive strength 
of water-saturated rocks is generally lower than that of dry 
rocks. However, there is an exceptional phenomenon, i.e., 
when the strain rate exceeds a certain threshold (180  s−1), 
the dynamic compressive strength of water-saturated rocks 
may be higher than that of dry rocks [11]. The enhance-
ment mechanisms of water on the dynamic mechanical 
properties of rocks can be mainly categorized as follows: 
(1) Inertia effect increased by saturated water (The inertia 
effect increases with the rock mass and the mass of the 
water-saturated specimen is higher than that of the dry 
specimen with the same volume due to the water in the 
rock specimen.) [5]; (2) Local damage of rocks reduced 
by saturated water (Stress waves reflect off the primary 
fissure surfaces of dry rocks, resulting in localized damage 
within the rock, which reduces the rock strength. How-
ever, when stress waves propagate within water-saturated 
rocks, the body of water in the fissure can act as a wave 
propagation medium, which reduces wave reflections off 
the crack surfaces and reduces localized damage within 
the rock, thereby increasing the rock strength.) [5]; (3) 
Plate effect caused by water surface tension [6, 7]; (4) 
Stefan effect caused by water viscosity [6, 7] and New-
tonian internal friction effect [11]. Furthermore, previ-
ous studies have shown that the presence of water has a 
significant influence on the fracture patterns and energy 
distribution of rocks under dynamic loading [8–10]. As 
the increase of the water content in rocks, intergranular 
fractures are more likely to occur in rocks because water 
pressure has a certain weakening effect on the bonding 
strength between crystal particles. Hence, the proportion 
of large fragments decreases while the proportion of small 
fragments increases. Meanwhile, the effect of water on the 
total dissipated energy of rocks is not significant (The total 
dissipate energy was defined as the shadow area under 
the stress–strain curve during the whole loading period.). 
However, the dissipated energy of water-saturated rocks 
in the pre-peak stress region (The pre-peak dissipated 
energy was obtained by using the shadow area under the 
stress–strain curve before the peak stress.) is smaller than 

that of dry rocks, and as the water content increases, the 
dissipated energy in the pre-peak stress region decreases. 
Similarly, the dissipated energy of water-saturated rocks 
in the post-peak stress region is greater than that of dry 
rocks, and as the water content increases, the dissipated 
energy in the post-peak stress region increases [8–10]. The 
low energy of water-saturated rocks in the pre-peak stress 
region can be explained by the increase in pore water pres-
sure caused by rock compression during pre-peak loading, 
which promotes crack propagation and energy dissipation. 
The energy of water-saturated rocks in the post-peak stress 
region is relatively high, which can be understood as the 
expansion of compressed pores in the rock during the post-
peak unloading stage, requiring more energy to overcome 
the stress caused by the viscosity of water [8–10].

Although the dynamic mechanical properties of rocks 
with different water contents have been investigated in pre-
vious studies, there is no osmotic or pore pressure in rocks. 
In true deep rock engineering projects, the pore water in 
rock masses experiences a certain degree of differential 
pore pressure due to gravity and other factors. Therefore, 
it is essential for true deep rock engineering to investigate 
the dynamic mechanical characteristics of rocks under 
differential pore pressure. Zhou et al. [12] created a pre-
fabricated single crack and water injection hole inside the 
rock specimen to introduce water pressure in the crack and 
then conducted dynamic impact tests on the specimens 
using a split Hopkinson pressure bar (SHPB). However, 
this method is only applicable to prefabricated specimens. 
Wang et al. [13] developed an experimental device that 
can provide both differential pore pressure and confin-
ing pressure on the specimen based on the SHPB system. 
The coal specimens under both differential pore pressure 
and confining pressure were tested under dynamic load-
ing. The principle of this device is that the differential 
pore pressure exerted on the rock specimen was induced 
by the confining pressure. Both the pore pressure and the 
confining pressure of the rock specimen are achieved by 
the water. When the confining pressure is applied by the 
water, water permeates into the rock specimen through 
the pore space and then exerts the pore pressure. The 
confining pressure and the pore pressure are identical. 
Although this design can achieve the pore pressure on the 
rock specimen, it cannot provide separately the confining 
pressure and the pore pressure when the pore pressure is 
not equal to the confining pressure. The confining pres-
sure and the pore pressure are not consistent in practice, 
the applicability of this device thus is limited. Zhao et al. 
[14] developed a dynamic rock testing system in combi-
nation with the static triaxial loading device and the pore 
pressure loading device. The triaxial stress and the pore 
pressure can be applied separately in this system and the 
principle and feasibility of this system can be found in 
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the literature. However, this system cannot exert differ-
ential pore pressure on the rock specimen. As mentioned 
above, few attempts have yet been made to investigate the 
dynamic behaviors of rocks under both differential pore 
pressure and triaxial stress state.

It is well known that rock masses are commonly subjected 
to high-strain rate cyclic impacts generated by operational 
blasting or earthquake. Therefore, it is necessary for true 
deep rock engineering to study the evolution of permeability 
in rocks under high-strain rate cyclic impacts. Some studies 
have been performed using the SHPB to achieve multiple-
impact tests on rocks and the influence of cyclic impacts on 
the rock permeability has been investigated [15–17]. The 
results indicated that at lower impact velocities, rock pores 
are first compressed and closed by the impact, decreas-
ing porosity and permeability. As the number of impacts 
increases, pores are expanded, and porosity increases. Dur-
ing the cyclic impact process, the number of large- and 
small-sized pores decreases while medium-sized pores 
increase, resulting in an increase in pore connection and 
the permeability of rocks according to the evolution of rock 
pores characterized by nuclear magnetic resonance images. 
At higher impact velocities, the rock is destroyed upon the 
first impact, resulting in a significant increase in perme-
ability. However, the limitation of these studies is that the 
permeability of rocks was measured after the cyclic impacts 
are totally completed and thus the evolution of the perme-
ability cannot be observed during the cyclic impacts.

Although many studies have been performed to understand 
the dynamic mechanical properties of water-saturated rocks 
and rocks with pore pressure and some investigations have 
focused on the permeability of rocks after multiple impacts, 
few attempts have yet been made to develop an experimental 
system for measuring the dynamic properties and the perme-
ability evolution of rocks under both differential pore pres-
sures and cyclic impacts. Therefore, it is necessary to develop 
a rock dynamic testing system that can simulate both the dif-
ferential pore pressure and the dynamic loads in deep rocks in 
practice and to further explore the influence of the differen-
tial pore pressure on the dynamic mechanical responses and 
permeability evolution of deep rocks. In this study, a triaxial 
dynamic rock testing device with a differential pore pressure 
system is first proposed in detail to quantify the dynamic 
compressive behaviors of rocks subjected to triaxial stress 
and differential pore pressure. The wave propagation on the 
proposed testing device was validated to confirm its feasi-
bility and reliability. With the dynamic stress balance being 
achieved, dynamic compression experiments under a static 
triaxial stress state and fourteen impact cycles in combination 
with various differential pore pressures were conducted to 
evaluate the dynamic compressive characteristics and perme-
ability evolution of deep rocks, based on which the dynamic 
failure mechanism of deep rocks under the bidirectional 

effects of differential pore pressure and multiply impacts was 
subsequently revealed.

Experimental Methodology

Triaxial Dynamic Rock Testing Apparatus 
with Differential Pore Pressure System

To investigate the effect of differential pore pressure on the 
dynamic mechanical properties and permeability evolution 
of deep rocks, a differential pore pressure system was intro-
duced in the triaxial SHPB system. As illustrated in Fig. 1, 
this system is mainly composed of a 50 mm conventional 
SHPB system, an in-situ stress system, a differential pore 
pressure system, and a data acquisition system. The bars 
are made of high strength maraging steel with a diameter 
of 50 mm. The lengths of the striker, the incident bar, and 
the transmitted bar are 700 mm, 3000 mm, and 1800 mm, 
respectively [18]. To ensure that the rock specimen was 
under single dynamic loading for each impact cycle, a 
momentum trap technique was employed in this work to 
achieve a single dynamic compressive pulse on the rock 
specimen. The key idea of the momentum trap technique 
is to absorb the first reflection by a big mass that can be 
considered rigid due to its large impedance as compared to 
the incident bar. An appropriate gap between the flange and 
the rigid mass is selected [19]. Hence, the flange can be in 
contact with the big mass when the reflection wave arrives 
at the impact end of the incident bar. With the interaction 
between the flange and the big mass, the reflected compres-
sive wave is transferred into tension. This tensile pulse pre-
vents compression on the rock specimen. More details of the 
momentum trap can be found in previous studies [19–21].

The rock specimen is subjected to both in-situ stress and 
differential pore pressure. The schematic of the in-situ stress 
device and the differential pore pressure device is shown 
in Fig. 1. To simulate the in-situ stress environment within 
which the deep rocks experience, the in-situ stress system 
is composed of a cylinder (i.e., Cylinder 1 that provides a 
confining pressure for the rock specimen) and a pressure 
chamber (i.e., Cylinder 2 that provides an axial pre-load for 
the rock specimen), respectively (Fig. 1). Both the axial pre-
load and the confining pressure can reach up to 100 MPa. 
This is an active and stable triaxial loading system, where 
the confining pressure and the axial pre-load can be indepen-
dently servo controlled [22]. Hence, the confining pressure 
can be different from the axial pre-load in the experiment. 
In addition, as shown in Fig. 1, the differential pore pressure 
system consists of an electro-hydraulic servo loading device, 
a guide bar and a modified incident bar with two symmetri-
cal pinholes and a circular diversion groove, two sealing 
flanges, a vacuum pump, metal water pipes, and valves. All 
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these components can be assembled into the triaxial SHPB 
testing system. The modified incident bar and the guide bar 
are essential components for differential pore pressure load-
ing and stress wave transmission, and thus the structures of 
the incident bar and the guide bar are specially designed. 
The guide bar passes through the confining cylinder and is 
located between the incident bar and the transmission bar. 
The material of the guide bar is the same as that of the inci-
dent bar and the transmission bar, which can avoid the stress 
wave reflection caused by the inconsistent wave impedance. 
Besides, the rock specimen is sandwiched between these 
two bars and the ends of these two bars with the grooves 
are attached to the rock specimen. At the ends of the modi-
fied incident bar and the guide bar which contact with the 
rock specimen, diversion grooves in the shape of a circle 
and cross are made, aiming to uniformly disperse the water 
pressure on two ends of the rock specimen. In addition, two 
pinholes with a diameter of 1 mm are drilled along the axis 
of the guide bar. One of the pinholes in the guide bar is 
employed for extracting excess air from rock pores and the 
heat shrink tube. The other one serves as the fluid transport 
channel (i.e., differential pore pressure loading channel), 

through which the high-pressure water from the servo water 
pressure loading device can easily access the rock specimen 
and the water pressure can act on one end of the rock speci-
men. This fluid transport channel is connected to the water 
pressure loading device through the sealing flange and the 
metal water pipe during the experiment. With the design of 
two pinholes, the air can be easily discharged to ensure that 
the servo water pressure loading device is filled with water.

To allow the water to permeate through the rock specimen, 
two pinholes with a diameter of 1 mm were drilled along the 
axis of the incident bar and diversion grooves are manufac-
tured on the end of the incident bar, as shown in Fig. 1. Similar 
to the guide bar, the diversion grooves are contacted to the 
ambient atmosphere through two pinholes (Fig. 1). These two 
pinholes in the incident bar are used as the drainage channels, 
with which the water permeated through the rock specimen 
discharges to the air and the water pressure on this end of the 
rock specimen equals the atmospheric pressure. The electro-
hydraulic servo water pressure loading device is controlled by 
a computer and can perform servo control in multiple modes, 
e.g., a constant water pressure mode and a constant flow rate 
mode with a maximum pressure of 40 MPa.
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Fig. 1  The triaxial SHPB system with the differential pore pressure system
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The data acquisition system mainly includes a water pres-
sure data acquisition system and a dynamic loading data 
acquisition system. Several real-time parameters (including 
the water pressure, the displacement of the hydraulic press 
lever, and the flow rate) can be recorded by the water pressure 
data acquisition system through the water pressure sensor and 
LVDT (Linear Variable Differential Transformer). The water 
pressure data can be collected by a computer that also controls 
the water pressure machine. The dynamic loading data acquisi-
tion system is mainly composed of two pairs of strain gauges, 
a Wheatstone bridge, a signal conditioner, and a digital oscil-
loscope. Two pairs of strain gauges are stuck at symmetrical 
positions on the bars respectively to capture the strain signals 
induced by the incident/reflected wave (εi/εr) on the incident 
bar and the transmitted wave (εt) on the transmitted bar. The 
strain signals are amplified by Wheatstone bridge circuits and 
the signal conditioner, and subsequently recorded and stored 
by the digital oscilloscope.

Specimen Preparation

A green sandstone (GS), a typical homogenous sedimentary 
rock, from Sichuan Province, China was used in this study. 
The mineral composition of GS is mainly composed of 
quartz (30.4%), plagioclase (27.17%), iron magnesium oxide 
(12.15%), potassium feldspar (10.31%), and other minerals 
(19.97%). The size of minerals is in the range of 10 ~ 200 μm.

According to the requirements of rock specimens for 
determining the static and dynamic compressive strength of 
rocks recommended by the International Society for Rock 
Mechanics and Rock Engineering (ISRM) [23, 24], the 
aspect ratio of rock specimen in this study is 1:1 and the 
diameter of the rock specimen is 50 mm. The cores of 50 mm 
in diameter were first drilled from the same rock block along 
the same orientation and then sliced into cylinders with the 
nominal length of 50 mm. The ends of the rock specimen 
were carefully polished with a flatness and perpendicularity 
less than 0.02 mm and 0.06° respectively, and its straightness 
should be controlled within 0.02 mm throughout the entire 
length. The basic physical and mechanical properties of GS 
are given in Table 1 [25]. Prior to the dynamic experiment, 
GS specimens (as shown in Fig. 2) were fully saturated by 
using the vacuum saturation method [14]. It should be noted 
that distilled water that has very slow kinetics in silicate 
rocks was used in this study, limiting the impact of reactions. 
This may affect the experimental results.

Experimental Procedure

Before the dynamic experiment, the fully saturated GS spec-
imen was clamped between the incident bar and the guide 
bar by a small axial pressure, and then two sealing rings 
were placed on the sides of the incident bar and the guide bar 
to prevent the leakage of water from the rock/bar interfaces 
(Fig. 1). It is noted that there is no lubricant between the 
bars and the specimen to ensure that the water can smoothly 
flow through the GS specimen. This is different from that 
in the traditional SHPB experiment, in which the interfaces 
between the specimen and the bars should be fully lubricated 
to avoid the end friction effect. Meanwhile, to prevent water 
from flowing out of the gap between the specimen and the 
heat shrink tube, lubricant (i.e., vacuum grease) was applied 
on the side of the specimen and the bars worked as a water 
barrier. Thereafter, the heat shrink tube wrapped up the rock 
specimen and two rings on bars and was contracted using the 
heat gun to remove the air cavities in the heat shrink tube, 
tightly wrapping around the GS specimen and the side of 
bars and sealing rings, as shown in Fig. 1. In this way, the 
rock specimen can be completely sealed by the heat shrink 
tube and entirely isolated from the surrounding hydraulic oil 
during the dynamic loading.

Afterward, the cylinder (Cylinder 1) providing the confin-
ing pressure was installed and locked with four high-strength 

Table 1  Basic physical and mechanical properties of GS

Density (kg/m3) P-wave velocity (m/s) Uniaxial compressive 
strength (MPa)

Brazilian tensile 
strength (MPa)

Young’s modulus 
(GPa)

Poisson’s ratio Porosity (%)

2330 3500 40.0 5.4 8.5 0.3 12

Fig. 2  The fully saturated green sandstone specimens
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bolts and a connection bar was placed at the end of the trans-
mitted bar to transmit the axial pressure from the Cylinder 2. 
The hydraulic oil was used in these two cylinders to provide 
the confining and axial pressure [26, 27]. The axial pressure 
and confining pressure were exerted slowly (i.e., 0.1 MPa/s) 
and uniformly up to a desired value and kept stable to mimic 
the stress environment of deep rocks. During the loading 
procedure of the confining and axial pressure, it is noted that 
the axial pressure should always be slightly greater than the 
confining pressure to prevent excessive confining pressure 
from offsetting the axial pressure, causing the detachment 
of the specimen.

Differential pore pressure was applied to the GS speci-
men by using the servo water pressure loading device. The 
response time of the servo-controlled water loading device 
is 0.02 s (i.e., 50 Hz). The length of the pipeline between the 
specimen and the servo-controlled water loading device is 1 
m. This water loading device is controlled by a servo motor. 
The encoder resolution of the servo motor is 10000, which 
means that one pulse signal rotates the motor by 1/10000 
degrees. This accuracy of this servo motor can achieve the 
precise control of water pressure or flow rate. In addition, 
the servo-controlled water loading device cannot over-
compensate the pore pressure during the dynamic loading 
process because the dynamic loading process is completed 
within several microseconds and the response time of this 
servo-controlled water loading device is much longer than 
the period of dynamic loading process. Meanwhile, it is 
unnecessary to overcompensate the pore pressure during 
the dynamic loading process since the permeability of the 
rock specimen after the dynamic loading is measured in this 
study. Moreover, the air in the sealed tube and the pipeline 
was extracted by a vacuum pump after keeping the water 
inlet channel and the drainage valves closed (Fig. 1). Sub-
sequently, after the completion of the vacuum, the vacuum 
valve was closed, and the drainage valve and the water inlet 
channel were opened. Using the servo water pressure load-
ing device, the space around the rock specimen was first 
filled with the distilled water, and then the water was slowly 
injected into the pores of the GS specimen from one speci-
men end. Since the drainage channels in the incident bar are 
open, the distilled water permeated to the other end of the 
specimen along the axial direction and then was discharged 
through the water guide groove and drainage channels in 
the incident bar. It can be seen that the right end of the GS 
specimen through the drainage channels is always connected 
to the ambient atmosphere (Fig. 1), and thus the water pres-
sure on this end of the GS specimen is zero. The gradient 
of differential pore pressure that the specimen withstands is 
equal to the water pressure (Pw) exerted on the left end of 
the specimen, i.e., ΔP = Pw-0. It is noteworthy that the dif-
ferential pore pressure in the specimen should be less than 
the hydrostatic pressure during the whole experiment. The 

process for exerting the water differential pore pressure on 
the rock specimen can be divided into three stages: (a) The 
push rod in the servo water pressure loading device was set 
in a stepwise manner because the water pressure loading is 
generally stepwise in traditional seepage experiments; (b) 
The speed of the push rod is significantly slowed down when 
the water pressure reaches the predetermined value. At this 
stage, the speed of the push rod remains unstable since water 
is permeating the rock specimen and the permeation process 
is relatively unstable. (c) When water droplets appear at the 
outlet of the drainage channel in the guide bar, it indicates 
that water completely permeates through the rock specimen. 
At the same time, the speed of the push rod remains stable 
and constant (i.e., the push rod is actively driven into the 
specimen at a constant rate to keep the constant differential 
pore pressure in the specimen), indicating the permeation 
process becomes stable. Consequently, the flow rate of water 
injection in a servo water pressure loading device is equal to 
the flow rate of permeation.

When the preset differential pore pressure in the rock 
specimen was achieved and kept stable, the dynamic impact 
can be conducted. As shown in Fig. 1, the axial pre-load 
system includes Cylinder 2 and a rigid plate attached to the 
incident bar with a tiny flange. When the hydraulic pressure 
in Cylinder 2 is exerted on the transmitted bar, the axial 
pre-load is applied to the two ends of the specimen because 
four tie-rods fix the leftward movement of Cylinder 2 and 
the incident bar. During the dynamic loading process, the 
incident wave can smoothly propagate along the incident bar 
since the motion rightward of the flange and the incident bar 
is not restrained. To keep the differential pore pressure con-
stant during the impact, the velocity of the push rod in the 
servo water pressure loading device would be changed for a 
short time and then remain stable again after the impact. The 
permeability for each impact was calculated when the veloc-
ity of the push rod was stable. Following the above steps, the 
dynamic compression tests can be repeated until the perme-
ability of the GS specimen was stable, or the specimen is 
no longer capable of bearing dynamic compressive loads. 
After dynamic experiments, the differential pore pressure 
was released and the triaxial stresses were then released. It is 
noteworthy that the pore pressure inside the specimen during 
the dynamic stress ramp changes with the variation of the 
dynamic load, and the effect of the dynamic stress ramp on 
the pore pressure of the specimen is complicated. However, 
the changes of the pore pressure and permeability of the 
specimen during the dynamic loading phase is not research 
objective in this study. The permeability change of the speci-
men before and after the dynamic loading is our research 
objective. In such a case, the servo-controlled water loading 
device can keep the water pressure constant in the drain-
age channels before and after the dynamic loading phase to 
ensure the validation of the testing system.
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Validation of Testing System  
and Data Reduction

Validation of Dynamic Loading System

In this study, since the special guide bar and the modified 
incident bar were assembled in the conventional SHPB 
system [28–30], the one-dimensional stress wave propa-
gation, which is one of the basic requirements of a valid 
dynamic SHPB test, might be challenged in the proposed 
system. Hence, the one-dimensional stress wave propa-
gation in the proposed dynamic rock testing system was 
checked to verify the validation of this improved SHPB 
system in this study. The stress wave propagation without 
the specimen between two bars in the conventional SHPB 
system is shown in Fig. 3a. The stress wave obtained from 
the incident bar is almost identical to that captured in the 
transmitted bar, indicating that the one-dimensional stress 
wave propagation is valid. The same method was used to 
verify the validation of this improved SHPB system in this 
study. The stress wave propagation in the improved SHPB 
system without the specimen is shown in Fig. 3b. When 
the guide bar was assembled in the conventional SHPB 
system and the incident bar was replaced by a special inci-
dent bar with two drainage channels, the stress wave in 
the transmitted bar is almost equal to that in the incident 
bar, demonstrating that the shapes of the stress waves are 
barely influenced by the guide bar and the amplitudes of 
stress waves in two bars are very close each other. The 

amplitude of the incident wave is 1.76 V, and the ampli-
tude of the transmitted wave is 1.70 V. This loss of the 
amplitude (about -3.3%) in the stress wave may be caused 
by the special structure of the incident bar. Meanwhile, the 
process for checking the validation of the improved SHPB 
system in this study is the same as that for checking the 
alignment of the SHPB system in the SHPB research com-
munity. In the SHPB testing system, if no reflected wave 
is generated when the incident bar is in contact with the 
transmitted bar without any specimen in between, there is 
a good alignment between the incident and the transmit-
ted bar, and the one-dimensional stress wave propagation 
is valid. The complete incident pulse in the incident bar 
should be transmitted into the transmission bar without 
any reflection, meaning that the transmitted wave is the 
same as the incident wave. However, slight difference 
between the incident wave and the transmitted wave may 
occur due to the error induced by the data acquisition sys-
tem. Therefore, the difference between these two waves is 
acceptable by the SHPB research community if this differ-
ence is less than 5% [1]. Similarly, this difference (error) 
between these two waves in this study is mainly induced 
by the special structure of the incident bar and the trans-
mitted bar, and the error is less than 5%. As a result, the 
error is tolerable quantitatively. Therefore, it is approved 
that the improved SHPB system with the guide bar and the 
special incident bar satisfies the basic principle of one-
dimensional wave propagation and is valid to measure the 
dynamic mechanical and transport behaviors of rocks.

Fig. 3  Stress wave propagation 
(a) in a traditional SHPB system 
and (b) in the triaxial SHPB 
with the guide bar and the 
modified incident bar
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Based on one-dimensional stress wave propagation, 
the forces F1 and F2 on both ends of the specimen can 
be written as:

where E and A are the elastic modulus and cross-sectional 
area of the bars, respectively; εi, εr, and εt are the strain 
history of the incident wave, the reflected wave, and the 
transmitted wave in the bars, respectively. In addition, the 
dynamic force balance is an important requirement for a 
valid dynamic rock test using the SHPB system [24]. The 
dynamic force balance obtained from a typical experiment 
using the improved SHPB system is shown in Fig. 4. It can 
be seen that the forces on two ends of the water-saturated and 
dry rock specimens can be achieved by using the improved 
SHPB system, indicating that this testing system with the 
special guide bar and the modified incident bar is also valid 
to measure the dynamic behaviors of rocks.

Determination of Permeability and Dynamic 
Mechanical Parameters of Rocks

As shown in Fig. 1, the schematic of the differential pore 
pressure loading system in this study is similar to the prin-
ciple of the differential pore pressure loading system in a 
traditional static triaxial loading system [31]. Therefore, 
the micromechanical seepage model was applied to analyze 
the permeability of rocks. The nature of seepage in rocks is 
closely related to the crack configuration inside rocks, which 
are generally used to construct the micromechanical seepage 
model. In this study, the rock specimen is a regular cylin-
der, which is subjected to uniform force and deformation in 

(1)F1(t) = EA
(

ε
i
(t) + ε

r
(t)
)

, F2(t) = EA�
t
(t)

the transverse and longitudinal directions, and the direction 
of seepage can thus be assumed as a single-direction seep-
age in this study. As a result, the micromechanical seepage 
model can be simplified. According to the Carman-Kozeny 
equivalent capillary principle [32], the equivalent pore size 
of cracks in the micromechanical seepage model can be pro-
cessed to obtain the equivalent pore size model, as shown 
in Fig. 5. The volume of the fissure is consistent with the 
volume of the equivalent pore, and the equivalent pore is 
a pore with a uniform pore diameter whose length is dis-
tributed over the ultimate length of cracks. Based on the 
micromechanical seepage model, we assumed that the seep-
age channel in the rock is a circular tubular channel and the 
water flow through the pores of the rock can be simplified 
as pipe seepage. Therefore, the water flow state in the rock 
specimen was determined by estimating the Reynolds num-
ber Re of the water flow in the rock specimen. The Reynolds 
number of the water flow is calculated by

where ρw = 1000 kg/m3 is the density of water, vw (gener-
ally within 26 mm/s) is the velocity of water flow in the 
rock seepage channel (The velocity here was obtained from 
the speed of advancement of the push rod), d (generally 
within 1 mm) is the diameter of the seepage pipeline, μw is 
the dynamic viscosity coefficient of the fluid and equals to 
1.005 ×  10–3 Pa·s at room temperature. Thus, the Reynolds 
number of the water flow in rock specimens can be calcu-
lated and is about 25.9 in our experiments. Generally, the 
flow is laminar when the Reynolds number is less than 2100 
if the micromechanical seepage model is applied. Hence, it 

(2)Re =
�
w
�
w
d

�
w

(a) (b)

Fig. 4  Dynamic force balance of (a) the water-saturated GS specimen and (b) the dry GS specimen under the similar loading rate in typical 
dynamic experiments
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is reasonable to assume that the water in the rock specimen 
remains in a stable laminar state during the testing process, 
ensuring that Darcy's law is valid for the water flow in the 
rock specimen in this study. Consequently, the steady-state 
method can be used to determine the permeability of rock 
specimens [33]:

where Q is the seepage discharge, KN is the permeability 
of the specimen after the Nth impact (N = 0, 1, 2, 3), ΔP 
is the differential pore pressure, l0 and A0 are the original 
length and cross-sectional area of the specimen, respec-
tively. The original length of the specimen is 50 mm, and the 

(3)Q = kN

ΔPA0

�l0

cross-sectional diameter is 50 mm. The water injection flow 
rate q of the electro-hydraulic servo water pressure loading 
device can be determined by

where VN is the lever velocity after the Nth impact, which 
can be determined by the slope of the lever stroke curve after 
the seepage stability is reached; S = 2826  mm2 is the cross-
sectional area of the hydraulic piston of the electro-hydraulic 
servo water pressure loading device. At a stable seepage 
process, the water injection flow rate of the hydraulic pis-
ton equals the seepage discharge, i.e., Q = q. By substituting 
Eq. (4) into Eq. (3), the formula for calculating the perme-
ability of rock specimens can be obtained

(4)q = VNS

Fig. 5  The equivalent pore size 
model
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The unit of kN is md and 1 md = 0.987 ×  10–9  mm2. In 
addition, the axial pressure on two ends of the specimen 
is slightly greater than the confining pressure before the 
dynamic load, and the force balance on the rock specimen 
can be achieved transiently during the dynamic loading pro-
cess. Hence, the axial pressure on two ends of the speci-
men is always larger than the confining pressure during the 

(5)kN = VN

�Sl0

ΔPA0

dynamic loading, and the ends of bars are always in contact 
with two ends of the specimen. Consequently, the evolution 
of the permeability of rock specimens after each impact can 
be calculated using the obtained lever stroke curve. The lever 
stroke curve and the corresponding differential pore pres-
sure for each impact in the typical experiment are shown in 
Fig. 6. It can be seen that the lever velocity can be obtained 
from the lever stroke curve, and the differential pore pres-
sure for each impact is almost constant during the whole 
permeation process.

Fig. 6  Lever stroke and the 
corresponding differential pore 
pressure in a typical cyclic 
impact experiment
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When the dynamic forces at both ends of the specimen 
are balanced, i.e., F1 = F2 or εi + εr = εt, the average axial 
strain ε(t) and the average stress σ(t) can be obtained by

where l0 and A0 are the initial length and cross-sectional 
area of the specimen, respectively. The stress–strain curve 
of the specimen during the dynamic loading can be obtained 
from Eqs. (6) and (7). The dynamic strength σmax is defined 
as the maximum stress value of the stress–strain curve, rep-
resenting the maximum load that the specimen can bear 
under a certain loading condition.

Dynamic Mechanical Characteristics 
of Rocks Under Cyclic Impact

Dynamic Stress–strain Curves

To systematically investigate the permeability evolution 
due to rock damage induced by the cyclic impact, the rock 
specimen for each experiment was under 14 cyclic impacts 
with the constant velocity of the striker. All experiments are 

(6)� (t) = −
2c0

l0 ∫
t

0

�r (t) d�

(7)�(t) =
EA

A0

�t (t)

under hydrostatic pressure of 15 MPa. The differential pore 
pressure should be lower than the hydrostatic pressure and 
was set as 1 MPa, 3 MPa, 5 MPa, 7 MPa, 9 MPa, 11 MPa, 
and 13 MPa, respectively. The same air pressure was used 
to launch the striker for each impact and a C1100 copper 
disc with a diameter of 9 mm and a thickness of 1.5 mm 
was selected as the pulse shaper [34] for each impact. In 
this way, the incident energy for each impact can be pre-
cisely controlled at a relatively constant value. Based on 
one-dimensional stress wave theory, the incident energy is 
calculated by

where E and A are the elastic modulus and cross-sectional 
area of bars, c0 is the longitudinal wave velocity of the bar, εi 
is the incident strain wave, T0 is the duration of the incident 
wave. The incident energy for each impact in a typical cyclic 
impact experiment is shown in Fig. 7. It is clear that the inci-
dent energy for each impact is almost constant, indicating that 
the constant incident energy in each cycle can be achieved 
successfully using the same impact velocity of the striker.

The dynamic stress–strain curves of GS under cyclic 
impacts with constant input energy are shown in Fig. 8. 
The stress–strain curves undergo significant changes as 
the increase of impact number. Between the 1st and 3rd 
impact cycles, there are obvious concave segments on 
the stress–strain curve at the initial compaction stage. 

(8)Wi = ∫
T0

0

EAc0�
2
i
d�

Fig. 7  Incident energy for each 
impact in a typical dynamic 
experiment
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Subsequently, there is a stage of linear elastic deformation, 
where the stress–strain curve grows approximately linearly 
and the slope of the curve is precipitous. Thereafter, the 
stress–strain curves deviate from linear growth, exhibiting 
an upward convex trend and reaching the peak stress during 
the plastic deformation stage. This stage is relatively short, 
indicating minimal damage to the GS specimen. Finally, in 
the unloading stage after the stress peak, the stress and strain 
decrease until the stress reaches zero, while a small residual 
strain remains. The unloading curve has a similar slope to the 
loading curve, suggesting that the damage caused by the input 
energy is minimal. Most of the energy is stored in the speci-
men in the form of elastic strain energy and is released during 
the unloading stage, resulting in a hysteresis loop in the post-
peak unloading segment. Moreover, between the 4th and 7th 
impact cycles, there is a small "stress plateau" that appeared at 
the peak stress stage. As the number of impacts increases, the 
dynamic elastic modulus of the specimen decreases signifi-
cantly, the peak stress decreases apparently, and the residual 
deformation increases. Although after the peak stress the dam-
age was induced inside the specimen, the damaged specimen 
was tightly bound and still able to withstand a certain load 
under the constraint of confining pressure. These mechanical 
properties exhibit a noticeable trend of damage during this 
loading period. Furthermore, between the 8th and 14th impact 
cycles, the stress–strain curve is similar to that of the seventh 
impact, indicating that the GS specimen was basically in a 
completely damaged state after the seventh impact.

Figure 9 illustrates the variation of dynamic compressive 
strength with the number of impacts with the constant incident 
energy. Between the 1st and 7th impact cycles, the dynamic 
compressive strength decreases rapidly with the increase 
of impact number. Between the 8th and 14th impact cycles, 
the dynamic compressive strength decreases slowly with the 
increase of impact number, indicating that the rock specimen 
is gradually damaged after the 8th impact cycle. In addition, it 
can be found that the differential pore pressure has a significant 
effect on the dynamic compressive strength of GS. With the 
increase of the differential pore pressure, the overall trend of 
the peak stress with the number of impacts alters downward, 
demonstrating a substantial reduction in the peak stress [35]. 
This can be explained by two aspects: a) The mean effective 
stress of the GS specimen decreases with increasing upstream 
pore pressure, which would contribute to the decrease of the 
dynamic compressive strength of the GS specimen; b) The 
presence of a permeation gradient within the GS specimen at 
the differential pore pressure, which promotes crack propaga-
tion and increases the damage, thus reducing the strength of GS. 
Moreover, the presence of internal pore pressure counteracts 
the contact force between particles, leading to particle separa-
tion and the increase of specimen damage, further lowering the 
dynamic compressive strength. Meanwhile, the existence of the 
differential pore pressure offsets part of the confining pressure, 
reducing the constraining effect of effective confining pressure 
on the specimen and consequently lowering the dynamic com-
pressive strength based on the principle of effective stress.

Fig. 8  Dynamic stress–strain curves after cyclic impacts with constant incident energy in a typical experiment
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Evolution of Permeability of Rocks Under  
Cyclic Impacts

Figure 10 shows the permeability evolution of GS with the 
impact number. Figure 10a indicates that the permeability 
of GS under the same differential pore pressure and impact 
cycle is significantly affected by the confining pressure. 
Meanwhile, based on the experimental results on vari-
ous confining pressures and differential pore pressures in 
Fig. 10, the repeatability of the testing system in this study 
is proved. As shown in Fig. 10b, From the 1st to 3rd impact 
cycles, the permeability of GS gradually increases with the 

increase of impact number. At this stage, new cracks are 
generated inside the GS specimen, but the cracks are not 
yet coalesced during the first three impact cycles, and the 
damage level of the GS specimen varies slightly. Addition-
ally, from the 4th to 7th impact cycles, the permeability of 
GS increases rapidly with the impact number, and the peak 
permeability of GS is reached after the seventh impact. The 
reason for this phenomenon is that the subsequent impacts 
generate more new cracks inside the specimen, increasing 
areas of crack surfaces and intensifying connections among 
cracks. Eventually, a great number of wide and continu-
ous flow channels were formed within the GS specimen, 

(a) (b)

Fig. 9  Evolution of dynamic compressive strength of GS after cyclic impacts with constant input energy under (a) various confining pressures 
and (b) various differential pore pressures (Note: the red line is the dynamic compressive strength of GS under a certain incident energy.)

(a) (b)

Fig. 10  Evolution of permeability of rock specimens after cyclic impacts with constant input energy under (a) various confining pressures and 
(b) various differential pore pressures
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leading to an obvious increase in permeability and reaching 
the peak permeability. Furthermore, from the 8th to 14th 
impact cycles, the permeability slowly decreases with the 
increase of impact number. This is attributed to the forma-
tion of shear fracture zones, where small fragments move 
along macroscopic fracture surfaces. In shear fracture zones, 
a large number of fine particles may be generated, which 
may move along the seepage channel and produce blockage 
due to the seepage gradient [36, 37]. Thus, the blockage of 
the seepage channel decreases the permeability of the GS 
specimen. Meanwhile, the shear fracture zones are tightly 
compacted by the confining pressure, resulting in a decrease 
in channel aperture and further a decrease in permeability.

As shown in Fig. 10b, it can also be observed that the 
differential pore pressure has an apparent impact on per-
meability. The permeability increases with the increase of 
the differential pore pressure under the constant confining 
pressure. On the one hand, the differential pore pressure and 
the seepage gradient within the specimen contribute to the 
expansion and development of cracks, increasing the number 
of cracks, the growth in crack length, and the coalescence of 
cracks. On the other hand, high differential pore pressure can 
enlarge the aperture of the flow channels, thereby increasing 
the permeability [38, 39].

Failure Mode of Rocks Under Cyclic Impacts

To investigate the effects of cyclic impacts and differential pore 
pressures on the development of crack networks, all specimens 
were recovered after impact experiments, and the images of 
three-dimensional crack distribution under different differential 
pore pressures were obtained using the micro-CT system (Nano 
Voxel X-Ray 3D Microscope System), as shown in Fig. 11. It 
can be seen that the small cracks surround the perimeter of the 
specimen, and the main cracks develop along a certain angle 
with the loading direction (i.e., perpendicular to two ends of the 
cylinder specimen). The main cracks, which have acute angles 
with the loading direction, are formed an hourglass in the GS 
specimens, indicating that the main cracks present a conjugate 
shear crack morphology observed from the side direction and 
the macroscopic failure mode of the GS specimen is mainly 
compression shear failure. This failure mode is similar to the 
recovered specimens subjected to the dynamic compressive 
loading and the static triaxial stress using the triaxial SHPB 
experiments [4, 14]. It can be seen from Fig. 11 that with the 
increase of the differential pore pressure, the contour of hour-
glass cracks in the GS specimen becomes more and more clear 
and complete, and finally cracks through the specimen are 
formed. This demonstrates that the differential pore pressure 

�P= 1 MPa �P= 3 MPa �P= 5 MPa �P= 7 MPa

�P= 9 MPa �P= 11 MPa �P= 13 MPa

Fig. 11  Crack distribution in recovered specimens under different differential pore pressures after cyclic impacts with constant input energy
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is conducive to crack growth from a microscopic perspective, 
which also reveals the reason why the permeability gradually 
increases with the increase of the differential pore pressure. 
Another important finding is that a macroscopic tensile crack 
can also be found in the middle of the GS specimen, which may 
be caused by the coupling effect of reflection waves in the speci-
men, the differential pore pressure, and the confining pressure. 
In our previous study, after the dynamic loading condition, this 
tensile failure can also be observed in the rock specimen under 
the hydrostatic pressure and the pore pressure [14]. This means 
that this tensile fracture is mainly caused by the coupling effect 
of the pore pressure and the confining pressure. It is difficult 
to determine if the tensile fracture occurs after shear fractures. 
However, in most cases, the shear fracture passes generally 
through the tensile fracture just as there is no tensile fracture, 
indicating that the rock specimen can be considered as a whole 
cylinder when the shear fracture is generated. Consequently, the 
dynamic compressive strength obtained in this testing system is 
valid. In summary, the characteristics of crack distribution for 
various differential pore pressures are subtly different, reflecting 
the influence of the differential pore pressure on the damage and 
permeability evolution of the GS specimen.

Conclusions

In this study, the triaxial dynamic rock testing apparatus with 
the differential pore pressure system was developed to provide a 
novel method for evaluating the effect of differential pore pres-
sure on the dynamic mechanical properties and permeability evo-
lution of rocks under different differential pore pressures, differ-
ent confining pressures, and different strain rates. The proposed 
system is mainly composed of a conventional SHPB system, an 
in-situ stress system, a differential pore pressure system, and a 
data acquisition system. The applicability and flexibility of this 
system are verified through dynamic compressive tests using the 
GS specimen under cyclic impacts under various differential pore 
pressures. The dynamic compressive strength and the perme-
ability evolution of the GS specimen under cyclic impacts with 
constant input energy and different differential pore pressures 
were measured, and the influence of the differential pore pressure 
on the damage and permeability evolution of GS was explored. 
The main conclusions are drawn as follows:

1. The stress–strain curve shows an obvious deterioration 
trend with the increase of impact number before the sev-
enth impact, and there is no significant change in the 
stress–strain curve after the eighth impact. This phe-
nomenon indicates that the GS specimen was basically 
in a completely damaged state after the seventh impact. 
In addition, the dynamic compressive strength of GS 
decreases rapidly with the increase of the impact number 

before the seventh impact, and then slowly decreases 
or remains almost stable after the seventh impact. The 
dynamic compressive strength of GS decreases with the 
increase of the differential pore pressure.

2. The permeability of GS under the same impact number 
increases with the increase of the differential pore pres-
sure and decreases with the confining pressure. From the 
1st to 3rd impact cycles, the permeability of GS gradu-
ally increases with the increase of impact number. From 
the 4th to 7th impact cycles, the permeability of GS 
increases rapidly with the impact number, and the peak 
permeability of GS is reached after the seventh impact. 
from the 8th to 14th impact cycles, the permeability 
slowly decreases with the increase of impact number.

3. The CT images of recovered specimens show that the small 
cracks surround the perimeter of the specimen and the 
main cracks develop along a certain angle with the loading 
direction. The main cracks present a conjugate shear crack 
morphology observed from the side direction and the mac-
roscopic failure mode of the GS specimen is mainly com-
pression shear failure. Another important finding is that a 
macroscopic tensile crack can also be found in the middle 
of the GS specimen, which may be caused by the coupling 
effect of reflection waves in the specimen, the differential 
pore pressure, and the confining pressure. Differential pore 
pressure has a significant deterioration mechanism on the 
mechanical properties of deep rock mass, which can pro-
mote the development of rock fractures and increase the 
permeability of rocks.
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