
Deep Resources Engineering 1 (2024) 100020

Available online 18 May 2024
2949-9305/© 2024 The Author(s). Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Review

Advances in dynamic test of deep rocks considering in-situ mechanical and
hydraulic conditions

Kaiwen Xia a,b,*, Minlei Wang b, Yan Fu b, Bangbiao Wu b, Ying Xu b, Wei Yao b,**

a Institute of Geosafety, China University of Geosciences (Beijing), Beijing 100083, China
b State Key Laboratory of Hydraulic Engineering Intelligent Construction and Operation, School of Civil Engineering, Tianjin University, Tianjin 300072, China

A R T I C L E I N F O

Keywords:
Deep rock dynamics
Triaxial confinement
Hydraulic-mechanical coupling
Dynamic strength
Dynamic fracture toughness

A B S T R A C T

Determining the dynamic behaviors of deep rocks is important but challenging for deep underground rock en-
gineering. Recently, great advances have been made by researchers in dynamic tests of deep rocks considering in-
situ mechanical and hydraulic conditions. It is thus imperative to systematically review the progress in this field.
This paper focuses on the dynamic experiments of deep rocks using the modified split Hopkinson pressure bar
(SHPB), including new advances in experimental apparatuses, methodologies, and results. A comprehensive
introduction to the principles of the triaxial confinement SHPB, the true triaxial SHPB, and SHPB with a coupled
hydraulic-mechanical device is provided. The development of these systems for conducting dynamic tests of deep
rocks is briefly presented. Moreover, the experimental methods and results for quantifying dynamic compressive,
tensile, flexure, and shear strengths and mode I/II fracture toughness of rocks under axial preload, hydrostatic
pressure, triaxial stress state, and coupled hydraulic-mechanical condition are systematically discussed, and the
rate-dependent characteristics and mechanisms of deep rocks under various geological occurrence conditions are
also summarized.

1. Introduction

As shallow resources are nearly exhausted, mining and civil opera-
tions are bound for deeper underground. Deep underground rock engi-
neering is generally at depths of 1000 ~ 2000m [1]. For example, the
depth of the Sangzhuling tunnel in China is 1347m [2]and the
maximum depth of the Yigong tunnel in China is 1610m [3,4]. The
depth of the Jinping II hydropower station on the Yalong River reaches
2500m [5]. The depth of Motuo Hydropower Station on the Yarlung
Zangbo River is up to 4000m. Deep rock engineering is also closely
related to the disposal of nuclear waste [6,7] and geothermal extraction
[8], etc. The exploitation of the deep resources and energy is challenging
as the deep rocks experience extremely complex stress conditions, under
which the mechanical response of rocks may significantly differ from
that in the shallow earth. Deep rocks are generally subjected to a com-
plex geological environment with high in-situ stress, high differential
pore pressure, high temperature, and dynamic disturbances caused by
operational blasting and earthquakes. Therefore, understanding the
dynamic mechanical properties of rocks under deep geological condi-
tions is essential for revealing the dynamic failure mechanism of deep

rocks and further guaranteeing the safe exploitation of deep resources
and energy.

The high in-situ stress, high temperature, and high pore pressure are
the basic attributes of deep rock engineering, and the thermal-hydraulic-
mechanical coupling behaviors under such geological environments
have attracted great attention worldwide in recent years [1,5,9–13].
Deep rocks exhibit unique characteristics of crack propagation, fluid
inrush, unloading fragmentation, and rheological behavior when the
depth of rock engineering activities extends 1000m due to the high in
situ stress state (Fig. 1 [14,15]). For instance, during the tunneling
excavation of the Jinping II Hydropower Station at a depth of 2500m,
rockbursts occurred frequently in the surrounding rock masses, and the
frequency and intensity of the rockbursts increase with the depth of the
tunnel [5,13,16]. Furthermore, the mechanical properties of deep rock
masses are also influenced by the coupling effects of multiple physical
fields such as temperature, pressure, and pore pressure. The gradients of
geothermal engineering can reach 30–50 ◦C/km [17]. Meanwhile, when
the burial depth exceeds 1000m, water pore pressure in deep rock
masses can reach up to 7MPa, potentially inducing severe water inrush
accidents during excavation. Furthermore, the dynamic disturbances
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induced by the fault activation, blasting operation, or periodic roof
weighting would increase the possibility and frequency of deep
geological disasters (e.g., earthquake, rockburst, coal and gas outburst,
etc.). Therefore, it is imperative to develop an effective experimental
system to explore the dynamic mechanical properties of rocks under
deep geological conditions.

The stress wave propagation in deep rocks [18,19] and the dynamic
response of deep rocks [1,20] are two primary issues in deep rock dy-
namics. For the dynamic response of deep rocks, many scholars have
summarized the existing research results and the key scientific issues [1,
20–23], and found that laboratory experiments are effective methods to
obtain the dynamic responses of deep rocks. Laboratory experimental
devices commonly include plate impact experimental devices, light gas
gun, drop weight, and split Hopkinson pressure bar (SHPB). Due to the
reliability and variability, SHPB has been extensively modified to qualify
the dynamic compressive, tensile, shear, and fracture behaviors of
rock-like materials, and some scholars have systematically summarized
and reviewed the principles and methodologies of various modified
SHPB systems and the experimental results derived from these systems
[24–29]. However, the experimental methods and the experimental
results abovementioned are only focused on shallow rocks. Therefore,
several researchers developed novel SHPB systems that can be used to
meet the experimental needs of deep rock dynamics [30–37]. This paper
systematically summarizes the principles and methodologies of the
modified SHPB system for deep rocks and the experimental results of the
dynamic mechanical properties of rocks under deep geological
conditions.

After the introduction, the principles of the triaxial confinement
SHPB system are systematically described and the experimental results
of dynamic mechanical properties of deep rocks under triaxial confine-
ment are discussed in detail. In Section 3, the structures of the true
triaxial SHPB system and the dynamic behaviors of rocks under true
triaxial stress states are reviewed. SHPB with a coupled hydraulic-
mechanical experimental device and the dynamic mechanical and
transport properties of deep rocks are introduced in Section 4. Finally,
the conclusions are drawn in Section 5.

2. Triaxial SHPB system

The dynamic mechanical behaviors of deep rocks are essentially
influenced by complex geological occurrence conditions. However, the

conventional SHPB system can only exert the axial dynamic loading on
the rock specimen. The confining pressure cannot be directly applied to
the rock specimen in the traditional SHPB system, limiting its extension
to the measurement of dynamic responses of deep rocks. Therefore, the
conventional SHPB system has been modified by scholars to evaluate the
dynamic mechanical responses of rock-like materials under confining
pressure.

2.1. SHPB with an active triaxial confinement device

SHPB system with a passive triaxial confinement device was initially
extended to explore the dynamic behaviors of rocks under confinement.
However, one of the critical issues of the passive triaxial confinement
device is that the confinement cannot be exerted independently on the
specimen, thus leading to the inconsistency of the confining pressure on
the specimen during the dynamic loading process [34]. Therefore, an
active confinement device has been proposed in SHPB system for
investigating the dynamic mechanical properties of deep rocks [38].

The working principle of SHPB with the active triaxial confinement
device is to encapsulate the specimen, parts of bars, and other compo-
nents into the active triaxial confinement device, as shown in Fig. 2. An
oil pump is utilized to exert the confining pressure to the specimen
through the fluid medium (e.g., hydraulic oil, gas) in the confinement
device. Taking the dynamic compression specimen as an example, when
the specimen is subjected to lateral confining pressure, radial
compressive deformation can be produced, leading to the mismatch
between the end of the specimen and the end of the bar. As a result, the
incident and transmitted bars could be detached from the specimen
under lateral confining pressure, causing the failure of the dynamic
experiment. Therefore, it is necessary to add an axial pressure device
and a restraint device in SHPB system to restrain the movement of the
bars, as shown in Fig. 2. Meanwhile, the axial pressure device can apply
the axial pressure to the specimen, thus achieving the triaxial confining
pressure on the specimens [39–42]. Furthermore, it is worth noting that
some scholars have proposed using band clamps and brake bars to
restrict the motion of the incident and transmitted bars, respectively
[43]. In addition, four supporting rods between the front and rear plates
are designed to provide the tension force for the confining pressure
system. This can apply and maintain the triaxial confining pressure on
the specimen during the dynamic loading process, thus improving the
stability of the active triaxial confining pressure system and ensuring the

Fig. 1. In-situ stress states in deep underground excavation [14,15].
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reliability of the experimental results. The schematic of SHPB with the
active triaxial confinement system is shown in Fig. 2. According to the
encapsulation types of the active triaxial confinement device, the sealing
method can be further classified into lateral sealing and direct sealing.

To achieve active triaxial confinement on the specimen using lateral
sealing, some scholars have proposed that the part of the bar near the
specimen, the specimen, and other accessories are integrally sealed
using rubber and two O-rings in the cylinder, as shown in Fig. 3(a). After
that, the pressure generated by the oil (gas) injected into the cylinder
can be indirectly applied to the side surface of the specimen through the
rubber, thus completing the confining pressure [25,26,41,43,44]. The
sleeve is designed to provide support for the bar without limiting the
axial motion of the bars. Another design for achieving active triaxial
confinement is to directly seal the part of the bar and the specimen with
the rubber, removing the sleeve and the spacer (Fig. 3(b)) [34]. In this
design, the oil (gas) pressure is still indirectly applied to the side surface
of the specimen via the rubber. In the type I device, the rubber is fixed on
the sleeve using the buckle, inducing friction between the bar/spacer
and the rubber. In the type II device, the rubber is fixed directly on the

surface of the bar so that the rubber moves with the bars during the
dynamic loading process [34,41,43,45].

In the abovementioned sealing methods, due to the rubber between
the specimen and the hydraulic oil, only dynamic compression experi-
ments can be conducted using the cylindrical specimen whose diameter
equals that of the bar. Therefore, a directly sealed device for active
triaxial confinement was developed by abandoning the rubber, as shown
in Fig. 3(c). To prevent the oil from penetrating the specimen, isolation
technology is employed to pre-treat the specimen surface before the
specimen is sandwiched between the bars. In such a case, this device can
be used to perform dynamic compression [45], tension [46], and frac-
ture [47] experiments with active triaxial confinement.

For the sealing methods mentioned above, the expansion and
deformation of the specimen under the dynamic compressive loading
result in the compression of the fluid in the cylinder, thus changing the
confining pressure. Xia et al. [48] analyzed theoretically the change of
the confining pressure during the dynamic loading and concluded that
the increase in the cylinder volume can effectively reduce the pressure
change of the hydraulic oil due to the specimen expansion. In addition,

Fig. 2. Schematic of SHPB system with an active triaxial confinement device.

Fig. 3. (a) Type I lateral, (b) Type II lateral, and (c) directly sealed active confinement device.
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because the dynamic pressurization can be dispersed when the specimen
fails and the wave impedance between the specimen and the hydraulic
oil is hugely different, the stress wave is essentially limited to the bars
and the confining pressure remains basically constant. Furthermore,
they provided the correction of the change of specimen dimensions
caused by the triaxial confinement in the data processing to obtain the
accurate dynamic stress-strain curves of the specimen under the
confinement. Similarly, when the cylinder volume of the confinement
device is relatively small, it is still necessary to consider the influence of
the volume change of the hydraulic oil on the confinement. Moreover,
Chen et al. [49] discussed in detail the complicated calculation of the
stress balance in the specimen due to the axial preload in the bars and
analyzed the effect of the separation between the front plate and the
flange on the incidence bar on the wave propagation and the dynamic
stress measurement.

2.2. Dynamic mechanical properties of rocks under confining pressures

Deep underground rocks are initially under in-situ stresses, and the
stress state of deep rocks is changed after the excavation. According to
the distance from the free face of the excavation, the in-situ stress state
of rocks can be categorized into: (a) hydrostatic pressure zone in the far
field, (b) triaxial stress zone in the middle field, and (c) pre-tensile stress
zone in the near field [14]. When deep rocks are subjected to dynamic
disturbances such as earthquake and operational blasting, the dynamic
mechanical response of deep rocks is essentially important in under-
ground rock engineering. Therefore, the dynamic compressive, tensile,
shear, and fracture behaviors of deep rocks are discussed in this section.

2.2.1. Dynamic compressive behaviors of rocks under confining pressure
SHPB device with a confinement device can simulate the stress states

Fig. 4. Strengths of siltstone subjected to (a) the same impact loading but different axial pre-compression stresses [32] and (b) constant axial pre-compression stress
of 63 MPa and different impact loads [32]; Dynamic compressive strengths of (c) sandstone under different stain rates and hydrostatic confinements [45], (d) Kuru
granite subjected to hydrostatic confinement [58,59], and (e) sandstone and granite under different axial and lateral confinements [59,60].
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of rocks in various fields mentioned above. According to the static stress
state of specimens in dynamic compression experiments, Xia et al. [20]
classified the static stress states into four types: (a) axial preload, (b)
lateral confining pressure, (c) hydrostatic pressure, and (d) triaxial stress
state. Since the confining pressure in the passive triaxial confinement
device is not constant during the loading process [34], the dynamic rock
experiments under the lateral confining pressure are currently con-
ducted by using the active triaxial confinement device [32,38]. Because
the pure lateral confining pressure cannot be exerted on the specimen
without the axial stress, the dynamic mechanical properties of rocks
under three types of stress states (axial preload, hydrostatic pressure,
and triaxial stress state) are discussed in this subsection.

2.2.1.1. Dynamic compressive behaviors of rocks under axial preload. The
procedure for analyzing the dynamic compressive strength of rocks
under axial pressure is the same as that in the conventional dynamic
compression experiments. Numerous experimental results indicate that
the dynamic compressive strength of rocks under the axial preload
demonstrates the rate dependence and the axial preload affects the dy-
namic compressive strength [50,51]. Under the same loading rate, the
dynamic compressive strength of rocks first increases with the axial
preload and then decreases if the axial preload continues increasing
[52–54]. Also, the dynamic compressive strength of rocks generally
reaches the peak value when the axial preload is about 60% of the static
compressive strength of rocks [32,55]. For siltstones, the experimental
results showed that when the axial preload is in the elastic deformation
stage, the dynamic strength of siltstones is 40–60 MPa higher than the
conventional dynamic compressive strength; When the axial pressure is
greater than 80% of the static compressive strength, the compressive
strength decreases rapidly; When the axial preload is more than 90% of
the static compressive strength, the rock unstably fails (Fig. 4(a) [32]).
When the axial preload is fixed, the dynamic compressive strength of
siltstones first increases and then stabilizes with the increase in impact
strength (Fig. 4(b) [32]). In general, the dynamic failure of rocks under
the axial preload transferred from the tension-shear mixed mode to
tensile mode as the increase in the impact velocity [55,56]. As the axial
confinement increases, the failure mode of rocks transfers from a
tension-dominated to a tension-shear mixed mode, and the level of
fragmentation is positively correlated with the axial confinement [57].

2.2.1.2. Dynamic compressive behaviors of rocks under hydrostatic pres-
sure. For various rocks (i.e., sandstone, granite, limestone, etc.), the
experimental results showed that the dynamic compressive strength and
the peak strain of rocks under hydrostatic pressures have an apparent
strain rate dependence, and the dynamic compressive strength increases
with the increase in the hydrostatic pressure at the same loading rate (e.
g., Fig. 4(c)) [45,61,62]. In addition, as shown in Fig. 4(d), the experi-
mental data indicated that, when the hydrostatic pressure is lower than
20 MPa, the dynamic compressive strength of granite increases at a
higher rate with the hydrostatic pressure than that at the quasi-static
loading condition, while the opposite is observed when the hydro-
static pressure is higher than 20 MPa [58]. Generally, the failure mode
of rocks under hydrostatic pressures is gradually changed from tension
to shear and the ductility of rocks significantly enhances with the in-
crease in hydrostatic pressures [62,58,63,64].

2.2.1.3. Dynamic compressive behaviors of rocks under triaxial stress
state. Recently, scholars have systematically studied the dynamic
compressive mechanical properties of various rocks under different
triaxial stress states [14,65], indicating that the dynamic compressive
strength of rocks under triaxial stress states has an obvious rate depen-
dence. The triaxial stress state is an essential factor affecting the dy-
namic compressive strength of rocks. As shown in Table 1, the dynamic
compressive strength of rocks under triaxial stress states is closely
related to the lithology and the loading conditions [59,66,67,60]. For

example, the dynamic compressive strength of sandstone decreases with
the increase of axial pressure at a certain lateral pressure [59]; however,
the dynamic compressive strengths of red sandstone [66], dolomite
[67], and granite [60] first increase and then decrease with the increase
of axial pressure. Particularly, the dynamic compressive strength of
granite is weakened with high axial pressure at low lateral pressures (<
10 MPa). When the lateral pressure is higher than 10 MPa, the dynamic
compressive strength of granite increases with the increase of axial
pressure (Fig. 4(e)) [59,60]. This phenomenon is mainly related to
whether the rock specimen is in an elastic phase before being subjected
to dynamic loading [68].

2.2.2. Dynamic tensile and bending behaviors of rocks under confining
pressure

Current experimental methods for measuring the tensile strength of
rock-like materials are mainly classified into direct and indirect tension
methods. Indirect tension methods primarily include the Brazilian Disc
(BD) test, circular test, and bending test [72]. Due to the simplicity and
ease of preparation, semi-disc specimens are often used with SHPB to
study dynamic flexural tensile strength and its anisotropy in rocks
[73–76].

Dynamic direct tensile experiments are mainly achieved by the
Kolsky tensile bar system. Huang et al. [77] revealed that the dynamic
direct tensile strength of Laurentian granite increases with the loading
rate. Liu et al. [78] conducted dynamic direct tension experiments on
rectangular granite specimens at different lateral pressures, showing
that the dynamic direct tensile strength and the rate effect decrease
when the lateral pressure increases. Although the direct tension test can
directly obtain the true tensile strength of rocks, the indirect tensile
method (i.e., the BD specimen) has been recommended by the Interna-
tional Society for Rock Mechanics and Rock Engineering (ISRM) to
determine the dynamic tensile strength due to the complexity and lim-
itations of the direct tensile test [51]. Therefore, dynamic tension ex-
periments on rocks under the confining pressure are mainly conducted
using the BD method.

The static loads applied to the BD specimen in the dynamic experi-
ment can be classified into three categories: the axial load, the hydro-
static pressure, and the triaxial stress state. The loading rate is
commonly used to describe the rate dependence of the dynamic tensile
strength of rocks [51,75]. Chen et al. [79] reported that the dynamic BD
tensile strength of marble deteriorates with the increase in the axial
load. A similar phenomenon was observed for the granite specimen
[80–82]. Ping et al. [81] investigated the effect of the axial load on the
dynamic BD tensile strength and energy dissipation of limestone and
found that the axial load enhances the reflected energy and decreases
the energy absorbed by the BD specimen. In addition, Pei et al. [82] and
Wu et al. [46] measured the total tensile strength (which is defined as
the sum of the dynamic tensile strength and the static tensile stress
induced by the preload) and the dynamic tensile strength of rocks under
the preload by using the flattened and traditional BD method, indicating

Table 1
Summary of previous studies on dynamic compression conditions of rock ma-
terials subjected to triaxial confinements [54,66,60,69–71].

Source Types of
rocks

Axial pressure/
MPa

Lateral
pressure/MPa

Strain rate/
s− 1

Gong et al.
[54]

Limestone 60/80/100
(52%/70%/
96%)

0/5/10 105.93～
114.35

Niu et al.
[66,71]

Red
sandstone

11/27/43
(20%/50%/
80%)

0/5/10 50～350

Zhou et al.
[69]

Dolomite 0/20/30
(0%/45%/67%)

0/5/10 62.5～
103.6

Ma et al.
[60]

Granite 25/50/75/100
(23%/45%/
68%/91%)

0/5/10/15 90

K. Xia et al.
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that the total and dynamic tensile strengths of rocks exhibit significant
rate-dependence, as shown in Fig. 5. Meanwhile, the dynamic tensile
strength of granite specimens decreases with the preload (Fig. 5(a)
[46]), but the total tensile strength of granite specimens is barely
influenced by the preload (Fig. 5(b) [46]).

The device in Fig. 2 can also be used to complete the dynamic BD
experiments for rocks under hydrostatic pressure. Wu et al. [14] theo-
retically proved the feasibility of dynamic BD experiments under hy-
drostatic pressure. The experimental results showed that the dynamic
tensile strength of granite increases with the increase in the loading rate
and the hydrostatic pressure; however, the rate effect gradually de-
creases with the increase of the hydrostatic pressure. The difference of
microcracks in rocks under various hydrostatic pressures and loading
rates can be successfully observed in CT images of the recovered spec-
imens (in Fig. 6 [14]). Meanwhile, CT images provide further evidence
of the aforementioned phenomenon that both loading rate and hydro-
static pressure affect the development of microcracks in the BD
specimen.

If the axial load continues to increase and the confinement is con-
stant, the triaxial stress state can be exerted on the BD specimen. A
systematic study of the dynamic tension behaviors of rocks under the
triaxial stress states has been performed using granite specimens [65].
Under triaxial stress states, the dynamic tensile strength of granite de-
creases with the increase of the axial load, and this trend is consistent
with the dynamic tensile strength of granite under the pure axial load.
However, the total tensile strength of granite is independent of the axial
load. The mechanism of this phenomenon is consistent with that under
the axial load. In addition, the dynamic failure pattern of BD specimens
under triaxial stresses is consistent with that of the dynamic BD speci-
mens without static stress, i.e., the tensile failure initiated from the
center of the disc. Meanwhile, with the increase in loading rate, small
wedge-shaped fragments are generated at the loading ends, which may
be related to the secondary loading of the stress wave. With the increase
of the axial load, fracture zones are easily formed in the center of the
disc. This is caused by the existence of pre-damage in the rock under the
axial load, which is prone to form multiple tensile failure paths under
the impact [46,65,80].

In addition to the dynamic BD method, the dynamic semi-circular
bending (SCB) experiment is an effective way to measure the dynamic
flexible strength of rocks. Yao et al. [83] conducted dynamic SCB ex-
periments on Laurentian granite (LG) under five axial loads and pointed
out that the dynamic flexible strength of LG decreases with the axial load
with an evident rate dependence (Fig. 7(a)). It is noteworthy that the
total flexible strength of LG (which is defined as the sum of the dynamic
flexible strength and the static flexible stress induced by the axial load)

is generally independent of the axial load (Fig. 7(b)). In addition, the
total flexible strength of rocks under the axial load is slightly higher than
the total BD tensile strength, and this discrepancy also exists in the
flexible and tensile strength of rocks under static and dynamic loading
conditions without confining pressure [72,84–87]. This difference is
mainly attributed to the anisotropy and heterogeneity of rocks [88].
Furthermore, Xia et al. [72,83,85,89] proposed a non-localized damage
model to reconcile the discrepancy between the BD tensile strength and
the flexible strength and found that the corrected dynamic flexible
strength is consistent with the dynamic BD tensile strength at different
axial loads (Fig. 8 [83]).

2.2.3. Dynamic shear behaviors of rocks under confining pressure
As early as the 1970 s, Lipkin et al. [90,91] conducted dynamic pure

shear experiments using short thin-walled tubular specimens with the
split Hopkinson torsional bar (SHTB). However, it is difficult to exten-
sively adopt this tubular specimen to measure the dynamic shear be-
haviors of materials due to the complexity of the preparation of tubular
specimens and SHTB accessories. Therefore, some scholars have pro-
posed other methods to measure the shear strength of materials, such as
a compression-shear method [92], a direct shear method [93], a punch
shear method [94], and a triaxial compression method [95,96]. Among
these methods abovementioned, some scholars combined the punch
shear method with the conventional SHPB system to measure the dy-
namic shear strength of materials due to the easy specimen preparation,
simple operation, and high repeatability of the punch shear method
[37]. Huang et al. [94] conducted the dynamic punch shear experiment
in SHPB system and verified the feasibility of this method for measuring
the dynamic shear strength of rocks. In 2018, the dynamic punch shear
method was recommended as the group standard for determining the
dynamic shear strength of rocks in the China Society of Explosive and
Blasting [97]. Xu et al. [37] proposed a dynamic punch shear method for
rocks under confinement using a Hoek cell and performed the dynamic
punch shear experiment on green sandstone under three confining
pressures (0, 10, and 20 MPa). The experimental results showed that the
dynamic shear strength of sandstone under the confinement increases
with the loading rate and the confinement, and further demonstrated
that the dynamic internal friction angle of the sandstone was nearly
independent of the loading rate (Fig. 9 [37]). In addition, Xu and Dai
[98] conducted compressive shear impact tests on the cylindrical spec-
imen with an inclined cross-section using SHPB system with a static
preload device. The rate-dependence of the dynamic shear strength of
green sandstone was observed.

Fig. 5. (a) Dynamic and (b) total tensile strength versus loading rate for different preloads [46].

K. Xia et al.
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2.3. Dynamic fracture behaviors of rocks under confinement

2.3.1. Dynamic mode-I fracture behaviors of rocks under confinement
The mode-I fracture failure of rocks is common in nature and a va-

riety of experimental methods have been proposed by scholars to
determine the mode-I fracture behaviors of rocks, including wedge
loaded tension method (WLCT) [99], single slotted bending method
(SENB) [100], straight slotted Brazilian disc method (CSTBD) [101],
chevron slotted Brazilian disc method (CCNBD) [102–106], chevron
slotted semi-circular disc method (CCNSBD) [107], short bar method
(SR) [108–110], three-point chevron bending (CB), and straight slotted
semi-circular disc method (NSCB) [51]. Among thesemethods, the NSCB
method has been recommended by ISRM for determining the dynamic
mode-I fracture toughness of rocks since 2012 due to its various ad-
vantages: the easy specimen preparation, the simple assembly, and the
convenient achievement of the force balance in the specimen during the
dynamic loading [111]. In 2014, the NSCB method was also

recommended by ISRM for determining the static mode-I fracture
toughness of rocks [112]. Therefore, the NSCB specimen under different
confining pressures is mainly discussed in this section.

The dynamic mode-I fracture toughness of rocks under the axial load
was measured by Chen et al. [113] using SHPB system with an active
triaxial confinement device (Fig. 2). As shown in Fig. 10(a), the results
show that the dynamic fracture toughness of Heshuo granite under a
certain axial load is significantly rate dependent and decreases with the
increase of the axial load at a specific loading rate (Fig. 10(a)), indi-
cating that the axial load causes the pre-tension stress at the crack tip
and further reduces the dynamic impact resistance of rocks. Conse-
quently, the crack in the NSCB specimen under the axial load can be
expanded under the low impact velocity. Moreover, the total mode-I
fracture toughness of granite, which is defined as the sum of dynamic
fracture toughness and static stress intensity factor induced by the axial
load, was measured at various loading rates, as shown in Fig. 10(b). It
shows that the total fracture toughness increases with the increase of the

Fig. 6. Micro-CT images of recovered specimens under different loading rates and hydrostatic pressures [14].

Fig. 7. (a) Dynamic and (b) total flexural tensile strengths of granite versus loading rate for different preloads [83].
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axial pressure at a certain loading rate. Furthermore, Yao et al. [47]
conducted a dynamic NSCB experiment using SHPB system with an
active triaxial confinement device in Figs. 2 and 3(c) and measured the
dynamic mode-I fracture toughness of Laurentian granite under five

hydrostatic pressures (0, 5, 10, 15, and 20 MPa). As shown in Fig. 11, the
dynamic mode-I fracture toughness of granite increases with the in-
crease of the hydrostatic pressure, which is attributed to the fact that the
damage region of the NSCB specimen along the fracture path decreases
with the hydrostatic pressure. At high hydrostatic pressure, more
microcracks are closed, leading to a decrease in the damage zone.

2.3.2. Dynamic mode-II fracture behaviors of rocks under confinement
Several testing methods have been proposed for determining the

mode-II fracture or mixed mode I/II fracture behaviors of rocks: (a)
Fracture deviates from the notch or shear direction: single (or double)
notched antisymmetric four-point bending method for pure shear frac-
ture [114–117], Arcan specimen with notch [118,119], Cracked
straight-through Brazilian disc (CSTBD) [120–122], Semi-circular bend
with inclined notch [123–125]; (b) Fracture aligns with notch or shear
direction: shear box test; punch through shear (PTS), short beam in
compression (SBC), and short core in compression (SCC). To obtain the
mode-II fracture toughness (KIIC) under the pure shear stress, Rao et al.
[126] proposed a shear box test with two symmetrically notched (or
single center notch) rectangular specimens. The PTS method with cy-
lindrical and rectangular specimens was initially developed to investi-
gate the effect of pressure on mode-II fracture toughness [127–130].
Because of the advantages of cylindrical specimens in preparation and
assembly, the PTS method with the cylindrical specimen has been sug-
gested by ISRM for determining static mode-II fracture toughness of
rocks since 2015 [131]. To further simplify the specimen preparation

Fig. 8. Comparison of strengths from dynamic SCB and BD tests with preload as well as reconciliation by nonlocal failure model [83].

Fig. 9. Dynamic punch shear strengths under different loading rates and
confining pressures [37].

Fig. 10. Relation between mode-I fracture toughness and loading rate of rocks under different preloads [113].
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and experiment procedure, the SBC [132] and the SCC [133,134] have
been proposed for measuring static mode-II fracture toughness of con-
cretes and other rock-like materials. To measure the dynamic mode-II
fracture toughness of rocks, Yao et al. [135] designed the dynamic
PTS method with the cylindrical specimen on SHPB (Fig. 12) and proved
the feasibility of this method by satisfying the force balance between the
two loading ends of the specimen during the dynamic loading period.
The rate dependence of the dynamic mode-II fracture toughness of
Fangshan marble was observed. Further, Yao et al. [36] proposed the
dynamic PTS method with confinement (Fig. 12) to measure the dy-
namic mode-II fracture toughness of rocks under the confining pressure.
The experimental results show that the dynamic KIIC increases with the
increase of the confining pressure at a certain loading rate, as shown in
Fig. 13(a) [36]. The fracture pattern inside the recovered PTS specimens
(Fig. 13(b) [36]) indicates that the shear fracture is dominant under
each confining pressure condition, validating the feasibility of this
method to measure the mode-II fracture toughness of rocks under the
confining pressure. It was also observed that with the increase of the
confining pressure, the wing crack disappears, and the ring crack is
formed gradually. Moreover, Yao et al. [136] designed the SCC method
using SHPB system with an active triaxial confinement device (Fig. 2) to
measure the dynamic KIIC of rocks subjected to different hydrostatic
pressures. The experimental results indicate that the failure mode of the
rock SCC specimen under hydrostatic pressure is the shear fracture and
the dynamic rock KIIC is barely affected by hydrostatic pressures at a
given loading rate (Fig. 14(a)). However, the dynamic fracture energy of
rocks is enhanced with loading rates and hydrostatic pressures (Fig. 14

(b)). Recently, the applicability of the PTS method and the SCC method
to determine the dynamic KIIC of rocks under preload and confining
pressure was verified by Yao et al. [137]. As shown in Fig. 14(c), the
dynamic KIIC of rocks decreases with the preload. The total KIIC of rocks
derived from the PTS/SCC specimens are almost consistent under the
same loading rate regardless of the magnitude of the preload exerted on
the PTS/SCC specimens (Fig. 14(d)). In addition, the dynamic KIIC of
rocks under confining pressures derived from the PTS method is
remarkably different from that obtained from the SCC method, and
theoretical analysis was conducted to quantitatively rationalize this
discrepancy using the difference of the normal stress state and the stress
intensity factor in these two methods (Fig. 14(e)). The exploration of the
determination of dynamic mode-II fracture of rocks under confining
pressures is still preliminary, and the effective experimental methods
need to be further explored.

3. True triaxial SHPB system

In real deep underground rock engineering, rocks are naturally
subjected to true triaxial in-situ stresses, in which the second and third
principal stresses are different. Consequently, the dynamic mechanical
responses of rocks under the true triaxial stress are quite distinct from
those under the triaxial confinement, and Some scholars have modified
the conventional SHPB to suit studying the dynamic mechanical re-
sponses of rocks under the true triaxial stress.

3.1. SHPB with a true triaxial loading device

Based on the concept of the static true triaxial loading device, some
researchers have proposed an SHPB system with true triaxial loading.
The concept of the true triaxial SHPB system was initially proposed by
Zhao, Cadoni, and Albertini in 2009 [15]. Currently, the true triaxial
SHPB system has been further developed [15,138,139]. Xu et al.
[138–140] assess the dynamic compressive behaviors of concrete under
the static true triaxial stress conditions using the true triaxial SHPB
system. They discussed the core issues of the true triaxial SHPB system,
including the dynamic stress-strain relationship of rocks under the true
triaxial stress state and the influence of the intermediate principal stress
on the dynamic strength of rocks under the true triaxial stress state. Liu
et al. [15] used the true triaxial SHPB system to obtain the dynamic
compressive behaviors of sandstone under the true triaxial stress state
and theoretically analyzed the dynamic stress and strain of the speci-
mens at various strain rates, contributing to the development of the true
triaxial SHPB.

As shown in Fig. 15(a), during the testing process using the true
triaxial SHPB system, a cubic specimen is placed in the center of six
square bars, The specimen is under the true static triaxial stress through
the square bars using the hydraulic system. After that, a stress wave is
generated from the free end of the incident square bar. Upon reaching
the specimen, the stress wave is reflected and transmitted at the ends of
the bar/specimen interface, and the reflected wave propagates back into
the incident bar. Meanwhile, the transmitted stress waves continue to
propagate through five transmitted bars. Based on the stress wave the-
ory, the stress-strain relationship in the three directions of the specimen
can be obtained.

In addition, as shown in Fig. 15(b), Xie et al. [142] developed a novel
true triaxial electromagnetic Hopkinson bar (TEHB) system, which
provides a cutting-edge testing platform for studying the
three-dimensional (3D) rock dynamic behavior subjected to the coupled
triaxial dynamic impacts, under both triaxial in situ stress and strain
rates of 101 ~ 103 s− 1. The superiorities of the TEHB over the conven-
tional dynamic testing apparatuses mainly include: (1) the controllable
and adjustable generation of stress pulse; (2) the synchronous, repeat-
able, and precise generation of multiple identical stress pulses; (3) the
convenient and precise achievement of the stress equilibrium of the
specimen; (4) the easy replicability of the coupled triaxial dynamic

Fig. 11. Dynamic fracture toughness versus loading rate for different hydro-
static pressures [47].

Fig. 12. Dynamic PTS experiment with confining pressure [36].
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impact and triaxial in situ stress conditions. The TEHB can achieve the
compression, tension, and fracture tests by imposing multi-directional
dynamic impact on the cubic rock specimen under in situ stress
conditions.

3.2. Dynamic behaviors of rocks under true triaxial stress state

Scholars have conducted dynamic experiments using the true triaxial
SHPB system to explore the dynamic behaviors of rocks under a true
triaxial stress state. Zhang et al. [15] systematically studied the dynamic
responses of sandstone under uniaxial, biaxial, and triaxial compression
using the true triaxial SHPB system. Dynamic stress-strain curves share a
linear region at the beginning of dynamic loading, and the peak strain
shows a decreasing trend as the confining stresses increase. Moreover,
the elastic modulus increases with confinement conditions varying from
uniaxial, and biaxial to triaxial compression. As shown in Fig. 16, the
dynamic strength of rocks is also dependent on confinements, and it
decreases with the increasing axial pre-stress σ1 along impact direction
but enhances with the increase of lateral pre-stresses σ2 and σ3, which
may be caused by both the lateral confinement on the specimen and the
dynamic friction of the contact surfaces between the specimen and
lateral bars. Microcracks inside specimens are reactivated by pre-stress
σ1, and thus a damaged state is induced. However, the dilatancy for
crack growth in the σ1 direction is suppressed by the lateral confining
pre-stresses. Failure modes of sandstone also exhibit confinement
dependence at the same impact velocity. Rocks can be pulverized into
powder in uniaxial compression, and the rock ejection phenomenon
occurs from the free surface in dynamic biaxial compression. However,
in dynamic triaxial compression, rocks are fractured with a macroscopic
shear fracture at low pre-stress states and remain intact in shape with
great damage when pre-stress increases.

Chen et al. [143] studied the effect of the strain rate and intermediate
principal stress on the dynamic behaviors of concretes by using the true
triaxial SHPB system. Under static biaxial confinements, the dynamic
shear strength τd decreases with the increase of σd=1/2(σ1+ σ3), and the
experimental data deviate greatly from the dynamic Mohr-Coulomb
strength (Fig. 17(a)), which indicates evidence of the effect of inter-
mediate principal stress. Under triaxial confinements, the shear strength
τd increases with the increase of σd, and the experimental data show

good consistency with the dynamicMohr-Coulomb strength (Fig. 17(b)),
and the effect of intermediate principal stress seems to be not evident.
The Drucker-Prager (D-P) model was then modified to describe the in-
termediate principal stress dependence and loading rate effect by
introducing the Lode angle (θ) and the strain rate.

4. Coupled hydraulic-mechanical experimental system for deep
rocks

The high pore pressure and differential pore pressure are the basic
attributes of deep rock engineering, and the artificial or natural dynamic
disturbances may increase the possibility of deep geological disasters (e.
g., earthquake and rockburst). Therefore, the dynamic mechanical
properties of rocks under deep geological hydraulic-mechanical
coupling conditions, which are essential for revealing the dynamic
failure mechanism of deep rocks, have attracted great attention world-
wide in recent years [9]. However, the research progress on the dynamic
mechanical response of deep rocks subjected to high pore pressure and
differential pore pressure is rather tardy due to the limitation of the
experimental instrument. Recently, an experimental system has been
developed by researchers to systematically explore the influence of the
differential pore pressure or high pore pressure on the dynamic failure
mechanism and permeability evolution of deep rocks under in-situ
stresses.

4.1. SHPB with a coupled hydraulic-mechanical device

To study the dynamic mechanical response of deep rocks subjected to
high pore pressure and confining pressure, a novel dynamic in-situ
seepage experimental system and method for rocks based on the SHPB
system has recently been developed by Xu et al. [144], which provides a
cutting-edge testing platform for investigating the dynamic mechanical
properties of deep rocks under various pore pressure and confinement
conditions. Zou et al. [145] conducted a series of compression tests to
investigate the thermal-hydraulic-mechanical behaviors of sandstone.
However, details of the experimental design were missing. Recently,
based on the active triaxial confinement device (Fig. 2), Zhao et al. [146]
developed a novel triaxial SHPB system with a pore pressure loading cell
for quantifying the dynamic compressive response of rocks subjected to
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Fig. 13. (a) Dynamic mode-II fracture toughness and (b) fracture pattern of PTS specimens under various confining pressures [36].
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Fig. 14. (a) Fracture toughness and (b) fracture energy of FM SCC specimen with different hydrostatic pressures; (c) Dynamic and (d) total fracture toughness of FM
obtained from PTS and SCC specimens with various preloads; (e) Dynamic fracture toughness obtained from PTS and SCC specimens with various confining pressures.
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triaxial stress and pore pressure. The novel triaxial SHPB experimental
system with a pore pressure loading cell was introduced in detail by
Zhao et al. [146]. Later, Chen et al. [147] modified the pore pressure
loading cell and developed a coupled hydraulic-mechanical device in the
triaxial SHPB system, as shown in Fig. 18. In this way, the dynamic
compressive behaviors of rocks subjected to triaxial stress and differ-
ential pore pressure were quantified.

Specifically, as illustrated in Fig. 18, this 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 conventional
SHPB system and the in-situ stress device are identical to SHPB with an
active triaxial confinement device in Fig. 2. The schematic of the dif-
ferential pore pressure device is shown in Fig. 18. Since the differential
pore pressure can only be exerted on rocks under the in-situ stress
environment, the differential pore pressure device was designed to
assemble into the triaxial confinement SHPB system. The differential
pore pressure system consists of an electro-hydraulic servo loading de-
vice, a guide bar, and a modified incident bar with two symmetrical
pinholes and a circular diversion groove, two sealing flanges, a vacuum
pump, metal water pipes, and valves. The modified incident and guide
bars are essential for differential pore pressure loading and stress wave
transmission. Thus, the structures of the incident bar and the guide bar
are specially designed. The guide bar, made of the same material as the
bars, passes through the confining cylinder. At the ends of the modified
incident bar and the guide bar, 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. One pinhole in the guide bar is utilized
for vacuuming the air and the other is used as the fluid transport
channel. With the design of two pinholes in the guide bar, the air can be
quickly discharged to ensure that the servo water pressure loading de-
vice is filled with water. If there is no pinhole in the incident bar, the
high pore pressure can be effectively exerted on the rock specimen under
the triaxial confinement. If the water is allowed to permeate through the
rock specimen, two small pinholes are drilled along the axis of the
incident bar and diversion grooves are manufactured on the end of the
incident bar. Similar to the guide bar, the diversion grooves are in
contact with the ambient atmosphere through two pinholes. 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 electrohydraulic servo water pressure
loading device is controlled by a computer and can perform servo con-
trol in multiple modes, e.g., a constant water pressure mode and a
constant flow rate mode. 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 Differ-
ential Transformer). The water pressure data can be collected by a

computer that also controls the water pressure machine.

4.2. Dynamic behaviors of rocks subjected to coupled hydraulic-
mechanical loading condition

Currently, most existing studies focused on the impact dynamic
response of rocks under the coupling of high temperature and water or a
single state of different water content. Few attempts have yet been made
to investigate the dynamic mechanical and transport behaviors of deep
rocks under coupled hydraulic-mechanical loading conditions. Hence,
we discussed the results on the dynamic behaviors of rocks under both
differential pore pressure and triaxial stress state in this section.

Li et al. [148] and Zhou et al. [149] developed a fracture-damage
model to estimate the stress intensity factor of the pre-determined
crack tip of rocks under a compressive shear stress field and a seepage
field. The water pressure was introduced to the prefabricated single
crack through a water injection hole inside the rock specimen and then
dynamic impact tests were conducted on these pre-cracked specimens
using SHPB. Experimental results verified that the initial crack strength
increases with the confining pressure and decreases with the seepage
water pressure (Fig. 19(a) and (b)). The seepage water pressure is
exacerbated in the crack extension. The dynamic load consistent with
the direction of maximum principal stress increases the mode-I stress
intensity factor, and the crack initiation angle changes with the dynamic
load. Wang et al. [150] developed an experimental device that can
provide both differential pore pressure and confining pressure on the
specimen based on SHPB system, showing that the external water
pressure increases the dynamic cohesion between the particles and
subsequently increases the dynamic fracture toughness of coal (Fig. 19
(c)).

Zhao et al. [146] used the true triaxial SHPB system to determine the
dynamic strength of rocks subjected to coupled hydraulic-mechanical
loading. The results indicate that the dynamic compressive strength of
rocks increases with the loading rate and the confining pressure but
decreases with the pore pressure. In addition, single shear failure and
X-type conjugate shear failure are the most common dynamic failure
modes under hydrostatic confinement and pore pressure conditions
(Fig. 20). It also found that the cohesion in the Mohr-Coulomb failure
criterion has a strong dependence on the loading rate but is independent
of the pore pressure and confining pressure. The free water has a bidi-
rectional effect on the dynamic strength, i.e., the water-wedge effect
facilitates the crack propagation and then reduces the rock strength,
while the Stefan effect impedes the damage of the pore structure and has
an enhancing effect on the dynamic strength. The experimental results
prove that the true triaxial SHPB system is reliable and flexible for
quantifying the dynamic compressive response of deep rocks consid-
ering the confinement and the pore pressure.

Chen et al. [147] utilized the true triaxial SHPB system to evaluate

Fig. 15. (a) Photo of the triaxial Hopkinson bar system [15] and (b) the schematic of the TEHB system [141].
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the effect of differential pore pressure on the dynamic mechanical
properties and permeability evolution of rocks under different differ-
ential pore pressures, different confining pressures, and different strain
rates. The stress-strain curves change with the increase of impact
number, and the cyclic impacts with the constant incident energy
deteriorate the dynamic compressive strength of GS (Fig. 21 (a) and (b)).
The permeability of GS first increases and then decreases with the
impact number (Fig. 22(a)). The differential pore pressure enhanced the
permeability of GS under the same impact cycle (Fig. 22(b)). 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
hydraulic-confining pressure. These studies mentioned above also
indicate that the (differential) pore pressure alters the effective stress

acting on the rock skeleton to affect the dynamic compressive behaviors
and transport properties of rocks and further induce geological disasters
[9].

5. Conclusions

Understanding the dynamic responses of deep rocks is of great sig-
nificance in the improvement of the safety and efficiency of deep rock
engineering. This paper focuses on advances in dynamic tests of deep
rocks considering in-situ mechanical and hydraulic conditions, review-
ing the new SHPB experimental devices and technologies and their ap-
plications in measuring the dynamic responses of deep rocks in the
laboratory. Furthermore, this paper summarizes the results of the dy-
namic test of deep rock under different in-situ mechanical and hydraulic

Fig. 16. Dynamic stress-strain curves of sandstone at the impact velocity of 20 m/s under triaxial compression: (a) and (b) effects of σ1; (c) and (d) effects of σ2; (e)
and (f) effects of σ3 [15].
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conditions. The main conclusions are drawn as follows:
The triaxial confinement SHPB system has become a prevailing

apparatus in the field of deep rock dynamics. The principles of the
triaxial confinement SHPB system are introduced and discussed. the
passive triaxial confinement SHPB device and true triaxial SHPB device
cannot guarantee a constant confining pressure during the dynamic
loading. Among the active triaxial confinement SHPB devices, the
directly sealed active confinement method is widely adaptable and
reliable because the bar ends can be sealed directly into the cylinder

with the specimen, and multiple dynamic mechanical properties of rocks
can be measured at different confining pressures.

The dynamic compressive strength and failure mode of rocks are
obviously affected by the confining pressure. The dynamic compressive
strength of rocks generally increases with the confining pressure and has
a significant rate dependence under the same confining pressure. When
the axial preload is lower than a certain value, the dynamic compressive
strength of rocks is enhanced; however, when the axial preload exceeds
a specific value, the dynamic compressive strength of rocks deteriorates
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Fig. 17. The shear strength vs. σd of concretes (a) under static biaxial confinement and (b) under triaxial static confinement [143].

Fig. 18. The triaxial SHPB system with the differential pore pressure system [146].
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because new cracks are produced under the axial preload and the
bearing capacity is reduced. With the increase in the axial preload, the
shear failure appears gradually in the rock specimen. In addition, the
dynamic compressive strength of rocks increases with the hydrostatic
pressure, and the failure mode of the specimen changes from tension to
shear with the increase in the hydrostatic pressure. Moreover, the effect
of the triaxial stress state on the dynamic compressive strength and
failure mode of rocks can be considered as the coupling effect of hy-
drostatic and axial pressure.

The dynamic tensile and shear strength of rocks exhibits significant
rate dependence under different hydrostatic pressures and increases
with the increase of hydrostatic pressure. The dynamic angle of internal
friction is nearly independent of the loading rate. The dynamic tensile
strength of rocks decreases with the axial preload, but the total tensile
strength remains constant under various axial preloads. This phenom-
enon is caused by the counteraction of the enhancement of loading rate
sensitivity and the weakening induced by the pre-tensile stress in the
specimen. The hydrostatic pressure inhibits the crack propagation, thus
improving the dynamic tensile strength of rocks. The triaxial stress states
can be considered as the combination of the axial preload and the hy-
drostatic pressure, thus the influence of the triaxial stress on the dy-
namic tensile strength of rocks can be explained by the mechanisms
mentioned in the axial preload and the hydrostatic pressure. In addition,
the effect of the axial preload on the dynamic and total flexure strength
of rocks is similar to that in the dynamic BD experiment.

The dynamic mode-I and II fracture toughness of rocks exhibit rate
dependence under different confining pressures. The dynamic mode-I
and II fracture toughness of rocks decreases with the preload while the

total mode-I and II fracture toughness of rocks increases with the pre-
load. The dynamic mode-I and II fracture toughness of rocks increases
with the increase of confining pressure, whereas the hydrostatic pres-
sure barely influences the dynamic mode-I and II fracture toughness of
rocks.

Recently, the coupled hydraulic-mechanical SHPB system for deter-
mining the dynamic strength of rocks subjected to the coupled
hydraulic-mechanical loading was developed. The dynamic compressive
strength of GS increases with the loading rate and the confining pressure
but decreases with the pore pressure. In addition, single shear failure
and X-type conjugate shear failure are themost common dynamic failure
modes under hydrostatic confinement and pore pressure conditions. The
cohesion in the Mohr-Coulomb failure criterion is independent of the
pore pressure and confining pressure. The free water has a bidirectional
effect on the dynamic strength. The influence of pore pressure and dif-
ferential pore pressure on the dynamic strength is revealed. The
permeability of rocks first increases and then decreases with the cyclic
impact number. The differential pore pressure enhances the perme-
ability of rocks under the same impact cycle. The main fracture mode of
rocks 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 hydraulic-confining pressure.

In the past few decades, the dynamic tests of deep rocks have
extensively been developed and the corresponding experimental results
provided significant fundaments for the promising development of deep
rock engineering. Although advances in the dynamic test of deep rocks
considering in-situ mechanical and hydraulic conditions have recently
been achieved, some improvements are necessary to fulfill the function

Fig. 19. (a) Relationship between crack initiation strength and seepage water pressure; (b) Relationship between sample strength and confining pressure [149]; (c)
Interaction model of the particle-water molecules [150].
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for measuring the dynamic behaviors of deep rocks under the true
complex geological environment in rock engineering practices. For
example, existing dynamic testing techniques can successfully provide
both in-situ stress and pore pressure environments for rock specimens,
but deep rocks are under high in-situ stress, high pore pressure and high
temperature. Consequently, a new dynamic testing system should be
developed to simulate the thermal-hydraulic-mechanical coupling
environment for deep rocks, and the dynamic mechanical properties of
rocks under this coupling condition should be further studied. In addi-
tion, another challenge in dynamic tests of deep rock is to compare the
on-site data of deep rock engineering with the laboratory experimental
data of deep rocks. In such a case, in the future, artificial intelligence
methods are expected to be applied in the data analysis of dynamic tests
of deep rocks, enhancing the efficiency of data analysis and establishing
a bridge between on-site data and laboratory data in deep rock

engineering. Therefore, attempts should be made to solve some funda-
mental technical and scientific issues in dynamic tests of deep rocks
under geological occurrence environments.
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the red line is the dynamic compressive strength of GS under a certain incident energy.) [147].
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