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Abstract
Variations in stress conditions of rocks have been observed during blasting for excavation or large-scale seismic events such 
as an earthquake. A triaxial Hopkinson bar is developed to apply initial pre-stresses achieving various in situ stress conditions, 
including uniaxial (principal stresses σ1 > σ2 = σ3 = 0), biaxial (σ1 ≥ σ2 > σ3 = 0) and triaxial (σ1 ≥ σ2 ≥ σ3 ≠ 0) confinements, 
and then to determine properties of materials under multiaxial pre-stress states at high strain rate. A series of tests was con-
ducted on sandstone specimens to investigate dynamic responses under multiaxial pre-stress states. A high-speed camera 
at the frame rate of 200,000 fps with a resolution of 256 × 256 pixels was used to capture the fracture characteristics rocks 
under biaxial compression tests. Experiments show that under the same impact velocity, dynamic properties (e.g. dynamic 
strength, elastic modulus, fracture modes) of sandstone exhibit confinement dependence. Dynamic strength decreases with 
increasing axial pre-stress σ1 along the impact direction, while it increases with the increase of lateral pre-stresses σ2 and σ3. 
The elastic modulus increases with the confinement varying from uniaxial, biaxial to triaxial compression. Rocks are pulver-
ised into powder under uniaxial pre-stress impact, and fragments are ejected from the free face under biaxial compression, 
while they show slightly damaged or a macroscopic shear fracture under triaxial compression. The 3D imaging of fracture 
networks in the damaged/fractured specimens was acquired via the X-ray computed tomography system.
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1  Introduction

Rocks are confined to a certain in situ stress environment 
in the crust and upper mantle of the earth. Field monitor-
ing reveals that typical tectonic stresses are not uniaxial and 
rarely axisymmetric (McGarr and Gay 1978), the in situ 
stresses of rocks increase with depth (Hast 1969; Brown 
and Hoek 1978) and concentrate locally near geological 
faults (Ahorner 1975; Engelder and Sbar 1984; Chester and 
Chester 2000; Ferrarini et al. 2015). The in situ stresses are 
also redistributed locally to a new state called induced stress 
during excavation (Karl and Richart 1952; Seager 1964; Lee 
et al. 1976; Read 2004; Cai 2008; Barton and Shen 2017; Li 
et al. 2017). In addition to the multiaxial stress confinements, 

rocks are also frequently subjected to various types of 
dynamic loads including mechanical vibrations (Huang and 
Wang 1999), explosions (Zhao et al. 1999), impacts and 
seismic events (He et al. 2015; Mudau et al. 2016), and they 
exist in the forms of time histories of particle acceleration, 
velocity and displacement. An overview of rock dynamics 
problems and influencing factors in underground engineer-
ing design is shown in Fig. 1. Stress states of surrounding 
rock of an underground cavern are uniaxial at the location 
A, biaxial at the location B and triaxial at the location C; 
therefore, rocks are normally under static–dynamic coupling 
loading conditions (e.g. Li et al. 2008; Xia and Yao 2015; 
Du et al. 2016; Hokka et al. 2016). Understanding dynamic 
behaviour of confined rocks is essential in dealing with vari-
ous rock engineering structures, such as underground storage 
chambers, reservoirs, slopes, and foundations of dams and 
bridges, during natural and human-induced dynamic sources 
such as earthquakes, explosions, and impacts.

To investigate mechanical properties and fracture behav-
iour of rocks under confinement, quasi-static triaxial com-
pression tests have been widely conducted to determine 
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the mechanical behaviour of rocks under a controlled set 
of loading path and stress state (Akers et al. 1986). Mogi 
(1971) pioneered a true triaxial testing apparatus for pre-
cisely testing mechanical behaviour of rocks subjected to 
three unequal principal stresses (σ1 ≥ σ2 ≥ σ3 ≠ 0, where σ1, 
σ2, and σ3 are the maximum, intermediate and minimum 
principal stresses, respectively), demonstrating that rock 
strength also depends on the intermediate principal stress 
σ2. After that, several types of true triaxial apparatus have 
been developed to extensively study the characteristics of 
rocks under quasi-static true triaxial confinement (Takahashi 
and Koide 1989; Chang and Haimson 2000; Kwasniewski 
et al. 2003; Lee and Haimson 2011; Descamps et al. 2012; 
Ingraham et al. 2013; Schwartzkopff et al. 2013). Testing 
results from triaxial compression reveal that stress condi-
tion affects rock properties including strength, deformation 
and failure modes (Jaeger et al. 2009; Kwaśniewski 2012). 
There exist general trends for: an increase of triaxial strength 
with increasing intermediate principal stress σ2 at a given 
σ3; the ductility of deformation behaviour increases with 
an increase of σ3, but decreases when σ2 is increased; and 
the fracture planes of rock are parallel to the direction of 
σ2, and the fracture angle (the angle between the direction 
of σ1 and the fracture plane) decreases with increasing σ2, 
especially at low minimum stresses. It should be noted that, 

rocks failures in these triaxial compression tests are at a low 
strain rate (< 10−1/s) due to the hydraulic limitation of true 
triaxial apparatus (Zhang and Zhao 2014). Thus, more intri-
cate studies of rocks under multiaxial confining stress states 
are required at high strain-rate levels consistent with those 
prevailing in explosion, blasting, impact and earthquake.

The split Hopkinson pressure bar (SHPB) (Hopkin-
son 1914) or Kolsky bar (Kolsky 1949) has been widely 
used for the determination of dynamic properties of rock 
materials at high strain rates (e.g. Green and Perkins 1968; 
Kumar 1968; Perkins et al. 1970; Frew et al. 2001; Li et al. 
2005; Xia et al. 2008; Dai et al. 2010; Chen and Song 2010; 
Zhou et al. 2010; Cadoni 2010; Zhang and Zhao 2013; 
Xing et al. 2018a, b), and it is shown that the strain rate 
has a significant effect on rock strength (Zhang and Zhao 
2014; Liu et al. 2018). However, the strain rate dependence 
of mechanical properties may be different under various 
confining pressures (Paterson and Wong 2005; Zhang and 
Zhao 2014). Over the past decades, the SHPB has also been 
modified to apply confinements on brittle materials such 
as rocks (Christensen et al. 1972; Lindholm et al. 1972, 
1974; Li et al. 2008; Frew et al. 2010), ceramics (Chen 
and Ravichandran 1996a, 1997) and concrete (Malvern 
and Jenkins 1990; Gary and Bailly 1998) before dynamic 
loading. In general, there are two types of approaches to 

Fig. 1   Overview of rock dynamics problems and influencing factors in underground engineering design (revised after Zhang and Zhao 2014)
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achieve multiaxial loadings on the specimen in modi-
fied SHPB tests, through either pressure or displacement 
boundary condition (Chen and Song 2010; Zhang and Zhao 
2014). The pressure boundary condition is achieved through 
hydrostatic pressure by a hydraulic confining chamber. In 
the early 1970s, Lindholm and his colleagues developed 
this modified SHPB system with two hydraulic cylinders, 
allowing for axial preloading, radial confining pressure and 
high strain rate (up to 103/s) loadings required for the testing 
of Dresser basalt (Lindholm et al. 1972, 1974). This design 
was further improved and employed to study the dynamic 
properties of specimens under confining pressure (e.g. 
Lankford 1976, 1994; Kawakita 1981; Wang and Yu 1992; 
Li et al. 2008; Paliwal et al. 2008; Kabir and Chen 2009; 
Frew et al. 2010; Wang and Liu 2011; Lindholm 2012; 
Yin et al. 2012; Farbaniec et al. 2017). The confinement in 
the SHPB can also be achieved by using the displacement 
boundary condition, in which either a shrink-fit metal sleeve 
or a passive thick vessel is employed to jacket the cylindri-
cal surface of the specimen. Malvern et al. firstly employed 
passive confining jacket system to impose controlled lateral 
confinement on the cylindrical rock-like specimen (Malvern 
and Ross 1986; Gong and Malvern 1990; Malvern and Jen-
kins 1990). This method was further performed to study 
dynamic properties of solid materials (e.g. Albertini and 
Montagnani 1994; Chen and Ravichandran 1996b, 1997; 
Nemat-Nasser et al. 2000; Rome et al. 2000; Forquin et al. 
2008; Bailly et al. 2011; Yuan et al. 2011; Martin et al. 
2013; Hokka et al. 2016). In addition, some other modified 
SHPB integrated with a hydraulic system have also been 
developed to investigate dynamic tensile behaviour (e.g. 
tensile strength, fracture toughness and crack pattern) of 
rocks under pre-tension (Zhou et al. 2014; Wu et al. 2015; 
Chen et al. 2016) and hydrostatic confinement conditions 
(Wu et al. 2016). The dynamic behaviours of rocks under 
confinement exhibit as followed: triaxial strength increases 
with the increase of strain rate under all confining pres-
sures; an increase of triaxial strength with increasing confin-
ing pressure, as confirmed in quasi-static triaxial tests; the 
deformation behaviour becomes more ductile at high strain 
rates; dynamic tensile strength decrease with increasing pre-
tension stress, while the total strength (the sum of static 
pre-tension stress dynamic tensile strength) is independ-
ent of pre-tension stress; as the static pre-load increases, 
the dynamic fracture toughness decreases but total fracture 
toughness increases. It should be pointed out that, confin-
ing pre-stress applied on the specimen in existing SHPB 
is a still conventional triaxial stress state (σ1 > σ2 = σ3 ≠ 0), 
rather than a true triaxial stress state (σ1 > σ2 > σ3 ≠ 0) before 
dynamic loading. Until now, there are still missing experi-
mental data on the dynamic properties of rock under true 
triaxial confining stresses at high strain rates (> 10/s), which 
is highly required in rock engineering design.

Great efforts have been made to achieve an initial tri-
axial quasi-static pressure before the specimen undergoes 
dynamic loading since 2009, as stated by Albertini (2013) 
‘The 3D-Modified Hopkinson Bar has been substantially con-
ceived through discussions among Carlo Albertini, Prof. Ezio 
Cadoni and Prof. Jian Zhao’. The proposed 3D-MHB appa-
ratus consists of one hydraulic actuator connected to the pre-
tensioned bar, and of five other hydraulic actuators installed 
at the end of the five output bars (Cadoni and Albertini 2011). 
The quasi-static triaxial stress state on a specimen is intro-
duced by the hydraulic actuators of the output confinement 
bars. The dynamic loads are generated by the rupture of the 
brittle bolt into the system. However, the 3D-MHB apparatus 
has only achieved the uniaxial function but no lateral con-
finement (Zhao and Cadoni 2011; Cadoni et al. 2015). With 
the support of Australian Research Council (ARC) (Zhao 
et al. 2015), a triaxial Hopkinson bar has been developed and 
installed at Monash University, which allows for investigating 
dynamic mechanical and fracture behaviour of geomaterials 
under multiaxial confinements. The major differences between 
the triaxial Hopkinson bar and 3D-MHB are: the triaxial pre-
stresses are achieved by three pairs of hydraulic cylinders and 
wedge reaction devices installed on the ends of the six square 
bars, and the gas gun launches a cylindrical striker to gen-
erate dynamic loads. The applications of triaxial Hopkinson 
bar have been verified by multiaxial compression, tension and 
shear tests.

This study investigates dynamic behaviours of rocks 
under various confinement conditions, including uniaxial, 
biaxial and triaxial confinements. Sandstone specimens are 
subjected to various quasi-static confining pressures before 
dynamic loading with the same impact velocity. Experi-
mental results on the confinement dependence of dynamic 
mechanical properties of sandstone are presented and dis-
cussed in detail. We examine the confinement dependence of 
compressive strength, strain to failure, elastic modulus, and 
failure modes at high strain rates. The real-time fracturing 
process of rock specimen during impact is digitally captured 
using the high-speed photography, and the internal fracture 
pattern of rock under triaxial compression is detected by 
the micro-CT (µCT) technique. The roles of time and pre-
stress in the processes of rock fracture can be elucidated, 
which provides an improved understanding of the dynamic 
behaviour of rocks under a wide range of stress conditions.

2 � Experimental Procedures

2.1 � Specimen Preparation

Sandstone specimens were extracted from the same rock 
block without visible geological discontinuities in Sichuan, 
China. Petrographic studies were performed to probe an 
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insight of the mineralogical composition and grain sizes, 
standard thin sections analysed under cross-polarised trans-
mitted light with different magnifications are shown in 
Fig. 2. Sandstone comprises quartz (30%), feldspar (20%), 
other minerals (20%) and matrix (30%), and the range of 
mineral size is from 200 to 500 µm with average quartz size 
of 350 µm. The quartz and feldspar consist of irregularly 
shaped fragments that seem to form the framework. In addi-
tion, the darker domains of very fine-grained mud and clay 
minerals fill up space.

The prepared sandstone specimens have the following 
physicomechanical properties: density ρ = 2350  kg/m3, 
P-wave velocity CL = 2600 m/s, elastic modulus E = 9.50 
GPa, Poisson’s ratio υ = 0.21, and uniaxial compressive 
strength (UCS) σc = 40 MPa. The standard cubic specimens 
are 50 × 50 × 50 mm3 with elaborate preparation, the size of 
the specimen should be at least ten times the average grain 
size in the rock (Zhou et al. 2012). These specimens are 
polished to a tolerance of 0.05 mm across the face of 50 × 50 
mm2, and the accuracy of the specimen size is kept within 
± 1%. The parallelism of these three opposite pairs of faces 
is less than 0.05 mm in 50 mm. The adjacent surfaces of 
the cubic specimen have a good perpendicularity with the 
maximum deviation of less than 0.25°.

2.2 � Triaxial Hopkinson Bar System

Experimental tests for dynamic uniaxial, biaxial and triaxial 
strength of rocks were conducted using a triaxial Hopkin-
son bar system at Monash University, as shown in Fig. 3. It 
consists of a dynamic loading system including a gas gun 
and a cylindrical striker bar (42CrMo Steel, ρ = 7850 kg/
m3, E = 210 GPa, Cs = 5200 m/s, σp = 930 MPa, L = 0.5 m, 
Φ 40 mm, impact velocity up to 50 m/s), three independ-
ent pairs of steel square bars (42CrMo Steel, cross-sec-
tion 50 × 50 mm2) in three perpendicular directions, three 
hydraulic cylinders (pressure capacity up to 100 MPa), a 
strong platform, six pieces of high-strength steel reaction 
frame, and a multi-channel high-speed data acquisition sys-
tem. The square bars are aligned orthogonally in X, Y and Z 

directions. Along with X axial direction, there is a dynamic 
loading system of the gas gun with a striker barrel (1.5 m), 
an incident bar (2.5 m), a transmission bar (2 m), an absorp-
tion bar (0.5 m), a hydraulic load cylinder and a moment-
trap device. In Y and Z axial directions, four steel output bars 
(2 m) are used to apply confining pressure by hydraulic load 
cylinders and to monitor the output waves. Altogether, the 
total size of the apparatus is 8 m length in the horizontal X 
direction, 5 m width in the horizontal Y direction and 5 m 
height in the vertical Z direction. During the experiment, the 
pre-stresses can be applied in three independent orthogonal 
directions on a cubic specimen by two horizontal hydrau-
lic cylinders and one vertical hydraulic cylinder, and the 
dynamic loads can be applied by launching a striker bar in 
the gas gun. The triaxial static–dynamic coupled loading can 
be achieved, allowing the investigation of the influence of 
the triaxial quasi-static pre-stress on the dynamic behaviour 
of rocks.

To visualise the stress wave propagation in the square bar 
(cross-section 50 × 50 mm2) impacted by a cylindrical striker 
(diameter 40 mm), numerical modelling (ABAQUS soft-
ware, version 6.14-1) is conducted. Figure 3c shows stress 
wave propagation in the square bar without a pulse shaper 
under the impact velocity of 20 m/s. Inevitably, the deforma-
tion of the impact surface of the incident bar is non-uniform 
due to the mismatch of the contact area between the cylin-
drical striker and the square bar. Several monitoring points 
(A, B, C and D) in the square bar are selected to measure the 
incident wave. Although the oscillations of incident stress 
waves are observed due to a lack of the pulse shaper, both 
the amplitude and duration of stress waves are well consist-
ent with each other, which indicates that the front of the 
incident wave is flat with the error of less than 3%. In other 
words, the stress equilibrium is well achieved in the cross 
section of the square bar, though there is a certain degree of 
local stress concentration at the corners. Therefore, strain 
gauges mounted on the surfaces of the bars can accurately 
capture the signals during the dynamic triaxial compression 
tests.

Fig. 2   Thin sections of sand-
stone with different magnifica-
tions under cross-polarised 
micrographs
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Fig. 3   Schematic (a) and photo 
(b) of the triaxial Hopkinson 
bar (X-axis refers to impact 
direction), and c numerical 
modelling stress wave propaga-
tion in the square bar impacted 
by a cylindrical striker
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During the test, the specimen (Fig. 4) is placed in the 
loading cell, which is right at the intersection point of 
the axis of six bars. Firstly, the specimen is subjected to 
a desired multiaxial pre-stress condition by the hydraulic 
cylinders; then dynamic loading is applied from the impact 
of the striker bar on the front end of the incident bar. The 
generated incident pulse propagates along the incident bar 
and impacts on the testing specimen until failure, leading to 
the reflected wave and transmission wave as well as output 
waves in Y/Z directions.

Six sets of strain gauges (FLA-6-11) were attached on the 
incident bar, transmission bar in X direction and four output 
bars in Y and Z directions, respectively. Each set consists of 
two strain gauges located diametrically opponent. The test-
ing signals are recorded by a 12-bit analogue-to-digital con-
verter (NI PXIe-5105) with a high sampling rate (1 MS/s) 
connected to strain gauges through Wheatstone bridges and 
a differential amplifier (SDY-2107A dynamic strain meter). 
Red copper discs with the dimension of 15 × 1.5 mm (diam-
eter × thickness) are served as pulse shapers, which can pro-
duce a well-repeatability ramped incident wave that reduces 
high-frequency oscillations and minimises the dispersion 
effect. The interfaces between the bars and test specimen 
are lubricated by petrolatum to minimise the friction. The 
velocity of the striker bar is measured by a laser-beam 
velocity measurement system (HPCSY-ΙΙ) before impact-
ing on the incident bar. When the striker bar moves in the 
moment before impact, the parallel light curtain generated 

by a transmitter is blocked progressively. Once the change 
of light intensity is detected by the receiver, an analogue 
voltage signal in a function of time is emitted and recorded 
by the digital storage oscilloscope.

In the triaxial Hopkinson bar experiment, as shown sche-
matically in Fig. 5, the stress wave propagates through the 
incident bar, rock specimen, transmission/output bars and 
deform the specimen at high strain rate until failure. Along 
the impact direction, the elastic one-dimensional (1D) stress 
wave propagation theory is used to interpret signals obtained 
in triaxial Hopkinson bar tests. Thus the dynamic forces 
P1(t) and P2(t) and the velocities V1(t) and V2(t) acting on 
the bar-specimen interfaces along the X direction can be 
calculated by (Kolsky 1949, 1953):

where Eb is Young’s modulus of bars; Ab is the cross-sec-
tional area of the bar; Cb is the longitudinal wave velocity 
of the bars; ɛ is the strain measured by strain gauges on the 
bars. The subscripts ‘in’, ‘re’ and ‘tr’ correspond to the inci-
dent, reflected and transmission waves in the impact direc-
tion, respectively.

Assuming the stress equilibrium or uniform deformation 
prevails in the specimen during the dynamic loading (i.e. 
εinx(t) + εrex(t) = εtrx(t)), the average stress σ, strain ε and 
strain rate 𝜖̇ of the specimen can be determined with the 
equations:

(1)P1(t) = AbEb[�in(t) + �re(t)], P2(t) = AbEb�tr(t),

(2)V1(t) = Cb[�in(t) − �re(t)], V2(t) = Cb�tr(t),

(3)

�x(t) =
P1(t) + P2(t)

2As

=
EbAb

2As

[�in(t) + �re(t) + �tr(t)] =
EbAb

As

�tr(t),

Fig. 4   Standard cubic rock specimen placed between bars in the load-
ing cell

Fig. 5   Schematic of stress waves propagation in the triaxial Hopkin-
son bar (not to scale, top view from vertical Z direction)
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where As is the cross-sectional area and L is the length of 
the specimen.

The respective stress and strain of the specimen in 
the Y and Z directions can be calculated by (Cadoni and 
Albertini 2011):

where σy(t) and σz(t), εy(t) and ɛz(t) are the stress and strain 
of specimen along the Y and Z directions, respectively. Thus 
the dynamic behaviour of geomaterials (e.g. rocks, coal, 
concrete, mortar and ceramics) under different stress states 
can be quantitatively determined.

2.3 � Loading Paths and Experimental Procedures

In general, the multiaxial confining loadings can be clas-
sified into uniaxial (σ1 > σ2 = σ3 = 0), biaxial (σ1 > σ2 ≠ 0, 
and σ3 = 0) and triaxial (σ1 > σ2 > σ3 ≠ 0) pre-stress con-
ditions. In this study, the dynamic confinement tests on 
sandstone specimens with different pre-stress states (e.g. 
uniaxial, biaxial and triaxial compression pre-stresses) 
are carried out under the same impact velocity of 20 m/s. 
During the dynamic true triaxial test, the stress path is 
schematically shown in Fig. 6, the specimen is subjected 
to the desired stress state such as σ1 > σ2 > σ3 with a low 
loading rate of ~ 10−4 GPa/s, and then a dynamic loading 
is applied along the σ1 direction until rock failure.

(4)
𝜀̇(t) =

V1(t) − V2(t)

L
=

Cb

L
[𝜀in(t) − 𝜀re(t) − 𝜀tr(t)] = −

2Cb

L
𝜀re(t),

(5)

𝜀(t) =

T

∫
0

𝜀̇(t)dt =
Cb

L

T

∫
0

[𝜀in(t) − 𝜀re(t) − 𝜀tr(t)]dt

= −
2C

b

L

T

∫
0

𝜀re(t)dt,

(6)�y(t) =
EbAb

2As

[�y1(t) + �y2(t)],

(7)�y(t) =
Cb

L

T

∫
0

[�y1(t) + �y2(t)]dt,

(8)�z(t) =
EbAb

2As

[�z1(t) + �z2(t)],

(9)�z(t) =
Cb

L

T

∫
0

[�z1(t) + �z2(t)]dt,

2.4 � Data Interpretation

Since all of the pre-stresses and impacts are compressive, the 
compression is defined as positive in this study. The typical 
signals obtained in the impact direction of a dynamic triaxial 
test with the pre-stress state of (30, 20, 10) MPa are shown 
in Fig. 7a. For axially confined SHPB, when the striker bar 
impacts the incident bar, the wedge reaction device unload 
and the axial pre-stress subsequently relaxes. Therefore, 
the stress in the incident bar becomes tensile after the inci-
dent pulse when the axial compressive pre-stress in the bar 
unloads. The stress value (30.29 MPa) of the baseline of 
reflected wave indicates the level of applied axial pre-stress 
σ1 (30 MPa) in the X direction. To avoid the superposition 
of tensile pulse induced by the unloading interaction of 
wedge fix device and the incident bar, appropriate positions 
of strain gauges on the incident bar are carefully checked to 
obtain distinct incident and reflected signals. In the inter-
pretation of signals, it is necessary to subtract the pre-stress 
from the reflected wave before calculating the strain rate 
and dynamic strain of the specimen (Hokka et al. 2016). 
The transmission bar does not receive the unloading pulse 
from wedge reaction device until the experiment is complete 
(Frew et al. 2010).

Figure 7b shows that during the impact in the X direc-
tion, the generated stress waves propagate along the Y 
and Z bars owing to the Poisson effect of rock specimen, 
which results in the variations of confinement in Y and Z 
directions. These signals provide not only the deforma-
tion information of the specimen, but also contain energy 
release during material fracturing. The difference of peaks 
values of signals obtained in Y and Z bars is related to 
the pre-stresses and the fracture behaviour (e.g. direc-
tion, length and number of fractures and fracture energy) 
of rock. Figure 7c shows the evolution of three principal 

Fig. 6   Loading paths of experimental testing in this study
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stresses (σ1, σ2 and σ3) acting on the rock specimen during 
impact, which include both static pre-stresses and dynamic 
stresses. The three principal stresses initiate from (30, 20, 
10) MPa and then rise to the peak point (255, 53, 47) 
MPa at the moment of rock breakage. Although the total 
bearing capacity (i.e. the sum of pre-stress and dynamic 
strength) of materials might be significant for the mate-
rials under certain conditions, for rock materials under 
the in situ conditions (internal quasi-static loading), the 
dynamic strength is only be considered after the influence 

of external dynamic sources. It should be pointed out that 
the stresses of the peak point (i.e. confined stresses at rock 
failure) are the most important values which can be used 
to calibrate dynamic constitutive models. However, it is 
not possible to control and obtain the same desired peak 
stresses within a transient state of any dynamic experi-
ment. Given the initial pre-stresses are closely related to 
the peak stresses and easy to control in the dynamic exper-
iment, the relationship between pre-stresses and dynamic 
strength of rocks is presented in the following sections.

(a) (b)

(c) (d)

(e)
(f)

Fig. 7   Typical experimental data at the impact velocity of 20  m/s 
and pre-stress conditions (30, 20, 10) MPa: a stress waves in impact 
direction; b stress waves in Y/Z direction; c dynamic stress evolution 

applied on the specimen; d dynamic stress equilibrium check; e stress 
and strain history in three directions; f stress and strain history in Y/Z 
directions
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For a valid SHPB test, dynamic stresses associated with 
axial and radial inertia should be substantially small com-
pared with the flow stress of the material under investigation. 
Under stress equilibrium, the stress gradient vanishes, and 
inertial effects induced by stress wave propagation can thus 
be minimised. The red copper sheet used as the pulse shaper 
lengthens the rise time of the incident stress wave facilitating 
the stress of specimen to equilibrate during the time of inter-
est for the test. In axial confined SHPB, the axial pre-stress 
in the impact direction has been verified to affect the stress 
equilibrium of dynamic experiments (Kabir and Chen 2009; 
Hokka et al. 2016; Chen et al. 2017). Thus the stress equi-
librium condition in axially constrained SHPB tests requires 
careful examination. Figure 7d presents the dynamic stress 
balance check between both ends of the specimen along 
the X direction in the triaxial Hopkinson bar tests. It is 
observed that the uniformity of the dynamic stress across 
the specimen is well achieved in the axial impact direction, 
and thus the axial inertial effect is reduced to a negligible 
level. Although there exists inevitably dynamic friction at 
the interfaces between rock specimen and lateral output bars, 
the achieved dynamic stress balance also demonstrates that 
1D stress wave propagation theory can be employed to cal-
culate the stress–strain history of rock specimen in triaxial 
Hopkinson bar tests. According to Eqs. (3–9), the obtained 
stress and strain history curves in three directions are shown 
in Fig. 7e, f.

2.5 � High‑Speed Imaging and Micro‑CT (µCT) 
Reconstruction

The high-speed imaging technique is capable of visualis-
ing the real-time deformation and fracturing process of the 
specimen in dynamic experiments (Xing et al. 2017). To 
study the deformation characteristics and fracture patterns of 
rocks under dynamic biaxial compression tests, a high-speed 
CMOS camera (Phantom V2511) was adopted with the res-
olution of 256 × 256 pixels and the frame rate of 200,000 
fps. With the lens of Nikon AF-S DX Nikkor 18–105 mm 
F/3.5–5.6 G ED, the high-speed camera was mounted on the 
tripod and preheated for 40 min to achieve the stable work-
ing environment. During the impact, the camera was trig-
gered by two synchronous transistor–transistor logic (TTL) 
signals, which were generated by a digital trigger provider 
(NI BNC-2090A) when the striker passed the laser beam. 
Two 84 W LED lights (GS Vitec MultiLED LT) provided 
15,400 Lumen in total for the illumination.

X-ray computed tomography or micro-CT (µCT) has been 
a frequently used non-destructive 3D imaging and analysis 
technique for the investigation of internal structures of a 
large variety of objects, including geomaterials like soils, 
rocks, concrete and fossils (Cnudde and Boone 2013). For 
rock specimens after triaxial compression, this technique 

was adopted to identify and reconstruct the 3D micro-cracks 
inside the recovered rock specimen. The damaged specimen 
was scanned using a Zeiss Xradia 520 Versa for imaging 
geomaterials available at Monash University (Al Mahbub 
and Haque 2016), which provides non-destructive 3D imag-
ing of fracture networks induced by the impact. Sandstone 
specimen was digitally scanned with a resolution spatial res-
olution of 50 × 50 × 50 µm3, an electron current of 72 µA and 
an accelerating voltage of 140 keV. All micro-CT images 
obtained were processed and analysed using Avizo 9.5 soft-
ware developed by FEI Visualisation Sciences Group.

3 � Dynamic Behaviours of Rocks Under 
Multiaxial Pre‑stress Loads

3.1 � Effect of Uniaxial Pre‑stress

To investigate the effect of initial axial pre-stress on dynamic 
properties of rocks, a series of dynamic uniaxial tests is con-
ducted. According to the static uniaxial compressive strength 
(UCS) (40 MPa) of the sandstone, the applied axial pre-
stress are 10, 20 and 30 MPa, which are 25%, 50% and 75% 
of the static UCS, respectively. The impact velocity of the 
striker bar is 20 m/s, which can induce an impact pulse with 
an amplitude up to 315 MPa.

Figure 8 shows the dynamic stress–strain curves of sand-
stone subjected to the same impact velocity but different axial 
pre-stress. The axial strain in the X direction was measured 
by the strain gauges and can be determined by integrating 
Eq. (4), whereas the stress was calculated from the transmis-
sion bar signals using Eq. (3). The strain gauge bridges were 
rebalanced after the quasi-static loading of the specimen. 

Fig. 8   Stress–strain curves of sandstone at the impact velocity of 
20  m/s under different axial pre-stresses in dynamic uniaxial tests 
(UC uniaxial compression, UC-C confined UC)
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Therefore, the integrated strain is the dynamic strain instead 
of the total axial strain because it does not include the short-
ening of the specimen due to the application of axial pre-
stress. The dynamic deformation behaviour of rock speci-
mens with axial confinement was significantly different from 
that of unconfined ones. The dynamic stress–strain curve of 
the axial unconfined specimen has four stages, i.e. compac-
tion, elastic deformation, accumulative damage and complete 
failure, which is typical for sandstone under conventional 
uniaxial compressive loading. With axial pre-stress, how-
ever, there is no compaction stage in the initial part of the 
dynamic stress–strain curves of sandstone, which comprise 
a linear elastic part followed by nonlinear deformation and 
peak stress. The post-peak behaviour of axial unconfined and 
confined sandstone shows a similar trend. The strength of 
sandstone declines rapidly after the primary fracture, and fol-
lowed by further compaction of the fractured pieces.

At the impact velocity of 20 m/s, the average value of 
dynamic uniaxial strength of the unconfined sandstone is 
93 MPa, which is 2.3 times of the quasi-static UCS of 40 MPa, 
proven that sandstone has rate-dependent behaviour. Further-
more, it can be found that the axial pre-stress also affects the 
dynamic responses of sandstone, which is in line with those 
of previous studies (Li et al. 2008, 2009). In the dynamic uni-
axial test, the dynamic compressive strength σd of sandstone 
decreases linearly with increasing axial pre-stress, as shown in 
Fig. 9a. When the pre-stresses increase from 25 to 75% of the 
quasi-static UCS, the dynamic UCS of sandstone decreases 
by 17% from 93 to 77 MPa, with a linear trend. Moreover, the 
failure strain (the strain necessary to failure) is also related to 
axial pre-stress. Failure strain decreases by nearly 16.7% from 
0.012 to 0.01 with the increase of the axial pre-stress, which 
indicates that the energy necessary to dynamically break the 
rock is lower at higher axial pre-stress.

The reduction of dynamic strength is related to the dam-
age initiation induced by the applied axial pre-stress. When 
an axial pre-stress is applied, the pre-existing micro-cracks 
tend to be closed and rock specimen deforms elastically 
without damage. For the micro-cracks with directions per-
pendicular to the pre-stress, the initiation and propagation 
of cracks can be easily induced by reflected tensile stress 
at the crack surface. If these micro-cracks are compacted 
by the pre-stress, the stress wave can smoothly propagate 
across these cracks without reflecting tensile stress, and thus 
the crack propagation can be suppressed. In this regard, the 
dynamic strength of rock may increase with the increasing 
of axial pre-stress. However, this phenomenon cannot be 
observed in our experiments because of the low porosity and 
good integrity of fine sandstone. With the uniaxial pre-stress 
increases from 10 to 30 MPa near or over the UCS of sand-
stone, a large number of pre-existing micro-cracks inside 
specimens are reactivated before impact, leading to damage 
of the rock and thus its dynamic strength decrease rapidly.

Elastic modulus commonly describes the macroscopic 
response of the internal microstructure to the external load. 
The elastic modulus in the dynamic test is determined by the 
slope of the linear segment of a dynamic stress–strain curve. 
Figure 9b shows the relation between the elastic modulus 
and initial axial pre-stress. It can be observed that the elastic 
modulus seems to be insensitive to the variation of axial pre-
stress. The average elastic modulus is around 11 GPa, which 
is close to the value obtained from the quasi-static UC test.

The failure observation of dynamically loaded speci-
mens with different axial pre-stresses is shown in Fig. 10. 
When the pre-stress is 10 MPa, the sandstone specimens 
are completely broken into small fragments (Fig. 10a) 
at the impact velocity of 13  m/s. However, the sand-
stones are pulverised severely into powder (Fig. 10b, c) 
at a high impact velocity of 20 m/s under different axial 
pre-stresses, owing to the high impact velocity or load-
ing rates. A similar phenomenon has been reported and 

(a)

(b)

Fig. 9   Effects of axial pre-stress on a peak strength, failure strain and 
b elastic modulus of sandstone specimens at the impact velocity of 
20 m/s
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interpreted in the previous publications (Olsson 1991; Li 
et al. 2005; Cai et al. 2007; Doan and Gary 2009).

3.2 � Effect of Biaxial Pre‑stress

In the biaxial pre-stress tests, the pre-stresses �1 and �2 are 
applied along X direction and Y direction, respectively, while 

�3 is constant at 0 along Z direction during the test. The 
dynamic loadings are applied along the direction of major 
principal stress �1 . It is important to note that, when the ini-
tial �2 is marked as 0 +, it refers to the case that the surfaces 
of the bar and rock specimen are contacted with each other 
but without any pre-stress applied before impact, thus the 
dynamic evolution of confining stress �2 can still be captured 
on the Y bars due to the Poisson effect of materials and iner-
tial effect of the bar.

During the tests, sandstone fails under dynamic load-
ing at the impact velocity of 20 m/s with an average strain 
rate of 165/s, and a large number of fragments were rapidly 
ejected from the free face in the Z direction. The dynamic 
stress–strain curves of sandstone at the impact velocity of 
20 m/s can be obtained with various biaxial pre-stress states. 
It is first observed that both �1 and �2 affect the dynamic 
strength of sandstone under biaxial pre-stress compression. 
It can be found in Fig. 11, in dynamic biaxial tests under 
the pre-stress states varying from (10, 0 +, 0) to (30, 0 +, 
0) MPa with increasing �1 , the failure strength of sandstone 
decreases with increasing the axial pre-stress, a similar 
trend can also be found when the pre-stress states change 
from (10, 10, 0) to (30, 10, 0) MPa. During the impact, the 
maximum principal stress is always along the impact direc-
tion. An increasing pre-stress σ1 leads to the activation of 
the opening of micro-cracks which are along the impact 
direction before impact, and this initial damage results in 
a reduction of dynamic strength of rock under biaxial com-
pression loads. However, the dynamic strength of sandstone 
raises as the lateral pre-stress �2 increases from 0 to 20 MPa 
when the initial �1 is 20 MPa (Fig. 12a). At the higher initial 
�1 of 30 MPa, as shown in Fig. 12b, the dynamic strength 
also increases with the increase of �2 from 0 to 30 MPa. 
Besides, the stress–strain curves show that sandstone 

Fig. 10   Fractured sandstone specimens after the impact with different 
axial pre-stresses: a 10 MPa (v = 13 m/s); b 10 MPa (v = 20 m/s); c 
30 MPa (v = 20 m/s)

Fig. 11   Effects of axial pre-stress �
1
 on dynamic stress–strain curve 

of sandstone under biaxial compression at the impact velocity of 
20 m/s (BC biaxial compression)
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deforms elastically at the initial stage without compaction 
and behaves nonlinearly until failure.

More details on the effects of �1 and �2 on dynamic 
strength of sandstone are presented in Fig. 13a. It can be 
concluded that the dynamic strength of sandstone decreases 
with increasing �1 , but increases with the increasing of �2 . 
From the view of mechanics, the initial �2 in lateral direction 
confines the dilation of the cracks propagation and coales-
cence along the direction of �1 during the impact, resulting 
in an enhancement of rock strength. In addition, it is shown 
from Fig. 13b that �1 and �2 also affect the failure strain of 
sandstone. As the failure occurs at very small strains in sand-
stone, the obtained failure strains are scattered, and yet indi-
cate that the failure strain decreases slightly with increasing 
�1 and �2 in the dynamic biaxial tests.

The evolution of confinement stress in the Y direction can 
be obtained by strain gauges mounted on the lateral Y bars. It 
is found that the confining stresses applied on the specimen 

along Y direction are not constant during the impact. Under 
the axial compressive loading from X direction, the rock 
specimen expands in the lateral direction before the fail-
ure. This lateral expansion induces stress wave to propagate 
along the bar in the Y direction.

The real-time deformation and fracturing process of sand-
stone are successfully captured using high-speed photogra-
phy. During a typical impact in biaxial compression, rock 
ejection phenomenon occurs at the free boundary along the 
Z direction. As shown in Fig. 14, rock specimen deformed 
elastically without visible cracks during the first 50 µs and 
then obvious vertical strain in Z direction emerged due to 
the expansion before 150 µs. Subsequently, a rock slab gen-
erated and flew away with an initial velocity from the free 
surface; it was then broken into two pieces in the air with 
an obvious tensile crack, which is spalled by the reflected 
tensile stress wave. Following the flying rock, it is observed 
that a number of small fragments also ejected out from the 

(a)

(b)

Fig. 12   Effects of intermediate principal pre-stress �
2
 on the dynamic 

stress–strain curve of sandstone under biaxial compression (BC biax-
ial compression)

(a)

(b)

Fig. 13   Effects of �
1
 or �

2
 on a dynamic strength, and b failure strain 

of sandstone
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specimen around 1500 µs. The ejection process of sandstone 
was predominantly slabbing, where a few slabs ejected away 
from the complete exposed surface of the specimen. This 
phenomenon represents the rock failure process during a 
rock burst induced by dynamic disturbances around under-
ground openings (Kaiser and Cai 2012).

Figure 15 shows typical fracture modes of biaxial com-
pression tests. Rocks are broken into fragments with some 
fracture planes. The direction of the rock fracture is near 
parallel to �1 and perpendicular to �3 , which agrees well 
with the conventional rock mechanics (Jaeger et al. 2009). 
When the pre-stresses increase from (20, 20, 0) to (30, 30, 0) 
MPa, the number of macroscopic fracture planes decreases, 
verifying that the confinement effect plays an important role 
in fracture behaviour of rocks under biaxial compression.

3.3 � Effect of Triaxial Pre‑stress

For the dynamic tests with triaxial compression, follow-
ing the loading path in Fig. 6, rocks are subjected to speci-
fied triaxial pre-stress states, including hydrostatic com-
pression (σ1 = σ2 = σ3 ≠ 0) and true triaxial compression 
(σ1 > σ2 > σ3 ≠ 0) states. Subsequently, dynamic loadings are 
applied by launching the striker bar with an impact velocity 
of 20 m/s. The effects of σ1, σ2 and σ3 on dynamic mechani-
cal and fracture behaviour of sandstone are quantified and 
discussed in detail.

Figure 16 presents the dynamic stress–strain curves of 
sandstone under different hydrostatic states. The dynamic 
strength of sandstone increases drastically to over 200 MPa 
if confinement exists in three directions, compared to that of 
the dynamic UCS of 93 MPa under the same impact velocity, 
which verifies that rocks are highly sensitive to the confin-
ing stresses. When the initial hydrostatic stress states vary 
from (0 +, 0 +, 0 +) to (30, 30, 30) MPa by simultane-
ously increasing σ1, σ2 and σ3, the peak strength exhibits an 

enhancement from 214 to 246 MPa. On the other side, the 
peak strain drops dramatically from 0.02 to 0.01, which indi-
cates that rocks can resist high external stress with a smaller 
deformation at high hydrostatic compression stress states. 
Besides, rocks under a pre-stress state of (0 +, 0 +, 0 +) 
MPa are fractured into small pieces with macroscopic frac-
tures after impact. As the initial hydrostatic stress increases 
to (30, 30, 30) MPa, rocks appear visually intact but with 

Fig. 14   Rock ejection during biaxial compression with the pre-stress of (20, 20, 0) MPa

Fig. 15   Failure observation of sandstone in dynamic compression 
tests with biaxial pre-stresses: a (20, 20, 0) MPa; b (30, 30, 0) MPa



2188	 K. Liu et al.

1 3

prevailing micro-cracks, which results in an obvious defor-
mation resilience at the post-peak stage of the stress–strain 
curve. This result also implies that the residual strength of 
rock also depends on the value of the confining pre-stresses.

To study the effects of σ1 on dynamic triaxial strength 
of rocks, sandstone specimens under the initial stress state 
of σ1 > σ2 = σ3 are impacted, and the experimental results in 
Fig. 17a show that dynamic triaxial strength of sandstone 
decreases with the increase of σ1 varying from (0 +, 0 +, 0 
+) to (30, 0 +, 0 +) MPa. Similar results can be obtained in 
Fig. 17b where rock is confined with the true triaxial pre-
stress states changing from (10, 20, 10) to (30, 20, 10) MPa. 
The mechanism involving the effects of σ1 on rock strength 
under dynamic true triaxial tests can be attributed to the 
induced damage and cracks activated by the pre-stress along 
impact direction before dynamic loadings, which is similar 
to that of the dynamic uniaxial and biaxial loads.

In Fig.  17c, d, the effects of σ2 on the dynamic 
stress–strain curve are presented (i.e. with approximately 
the same axial strain rate of 110/s for different tests). It is 
noteworthy to note here, unlike the effect of σ1, the σ2 not 
only affects the strength of sandstone but also on the thresh-
old of failure strain. As shown in Fig. 17c, the strength of 
rock increases from 199 to 222 MPa when the pre-stress 
states vary from (20, 0 +, 0 +) to (20, 20, 0 +) MPa with 
increasing σ2 by 10 MPa. However, the corresponding strain 
reduces from 0.02 to 0.017 by 15%. Figure 17d illustrates the 
effect of σ2 on the dynamic stress–strain curves when the tri-
axial pre-stress states vary from (30, 0 +,10) to (30, 30, 10) 
MPa. With increasing σ2 from 0 + to 10 MPa, the dynamic 
strength of sandstone increases considerably from 191 to 
215 MPa, but with a significant failure strain reduction from 
0.02 to 0.0149, which indicates that σ2 plays an important 
role in dynamic properties of rock. Figure 17e shows the 

effect of σ3 on the dynamic stress–strain curve of sandstone 
under triaxial pre-stress conditions and demonstrates that 
σ3 play a role that is similar to that of the σ2. That is, an 
increase of σ3 increases the dynamic strength but reduces 
the peak strain. With the increase of σ3, the sandstone can 
withstand a higher load. However, the axial deformation of 
sandstone specimen is significantly reduced. As shown in 
Fig. 17f, when the σ3 increases from 0 + to 30 MPa with 
constant σ2 = σ3 = 30 MPa, the reduction of failure strain 
becomes smaller as the general triaxial stress state becomes 
more and more uniform. In the view of mechanics, lateral 
confinement provided by σ2 and σ3 restricts the dilatancy 
of rock during impact, which contributes to the increase of 
dynamic strength. Another factor that can cause an increase 
in rock strength is the dynamic friction of the contact sur-
faces between the specimen and lateral bars, and grease is 
used to minimise this effect.

The fractured rock specimens can be classified accord-
ing to not only testing parameters but also failure modes. 
Although it is realised that certain features of the fracture 
mode may be a result from constraints imposed by the test-
ing system, changes in fracture modes are consistent with 
the values of the three principal pre-stresses. At the same 
loading conditions, the system constraints on the speci-
men remained essentially constant. Figure 18a shows typi-
cal failure modes of sandstone after impact under dynamic 
true triaxial compression. Rock specimens appear failure 
planes parallel to σ2, which is expected as theoretically, i.e. 
rock dilates more towards the lowest stress. It can be found 
that shear fracture becomes dominant, and varying angles 
formed fracture planes with respect to the direction of mini-
mum principal stress σ3 are between 79° and 76° (shown in 
Fig. 18a). The angle of shear fracture plane depends not only 
on the three principal pre-stresses (Mogi 1971; Haimson 
2012), but also on the impact velocity and rock materials 
properties such as the cohesion and friction angle. Under 
the higher pre-stresses state of (30, 20, 20) MPa, sandstone 
specimens remain intact in shape with mesoscopic damage, 
such as grain dislocation, crushing and rotation.

3.4 � CT Reconstruction of Triaxial Pre‑stress

Micro-CT (µCT) allows analysis of a representative vol-
ume with a high resolution down to the microscale and 
enables the reconstruction of a realistic virtual 3D model 
of geomaterials. In this study, it is applied to observe non-
destructively the deformation and failure characteristics of a 
tested specimen after triaxial compression. A series of tomo-
graphic cross-sections of sandstone specimen under different 
pre-stress conditions is shown in Fig. 19. The brightness 
contrasts represent the X-ray attenuation in each material, 
which depends on the atomic number and the density of the 
material. Due to different X-ray opacity of rock materials, 

Fig. 16   Dynamic stress–strain curves of sandstone at the impact 
velocity of 20 m/s under hydrostatic compression (TC triaxial com-
pression)
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the high-density areas are the mineral grains shown as white 
and grey, while the low-density areas are the cracks shown 
as black lines. For rock specimen with the pre-stress of (10, 
0 +, 0 +) MPa. The double ‘V’ type of fracture pattern is 
clearly observed, which is highly involved in shear failures. 
The shape and extents (width and depth) of the fracture pat-
tern depend upon the magnitude of applied pre-stresses as 
well as dynamic stress during impact.

Based on stacks of 2D image slices, the 3D impres-
sion of the whole specimen can be visualised by volume 

rendering and shown in Fig. 18b. It can be seen that the 
X-ray CT scanning images approximate the actual crack 
photographs, which demonstrate that X-ray micro-CT 
scanning can be used to explore the internal damage of 
sandstone materials. Image segmentation is always an 
important process in digital image processing, which aims 
to extract several parts with similar features or attributes 
in images stacks. By using a threshold segmentation tech-
nique, a proper threshold is set to digitally distinguish 
cracks from the grains of the sandstone specimen. The 3D 

(a) (b)

(c) (d)

(e) (f)

Fig. 17   Dynamic stress–strain curves of sandstone at the impact velocity of 20 m/s under triaxial compression: a, b effects of σ1; c, d effects of 
σ2; e, f effects of σ3 (TC triaxial compression)
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fracture topology inside the specimen was reconstructed 
vividly and shown in Fig. 18c. Fractures were recognised 
and transferred to blue pixels, while the remainder is trans-
ferred to colourless pixels. For rock specimen under the 
pre-stress of (30, 20, 10) MPa, it can be seen that two sets 
of fractures initiate and extend from the surface into the 
rock. These fractures can cause the ‘V’ type of fracture 
pattern when they intersect one another. However, in this 
case, they arrest during propagation and thus the coales-
cence of crack is not achieved. Under the higher pre-stress 
state of (30, 20, 20) MPa, there is no visible crack in the 
whole specimen, which is also verified by tomographic 
cross-sections shown in Fig. 19c. The fracture pattern of 
rock specimen changes from fully double ‘V’ type to intact 
shape without visible cracks when the pre-stresses vary 
from (10, 0 +, 0 +) to (30, 20, 20) MPa, indicating the 
confinement dependence of rock.

4 � Comparisons and Discussion

It is found that the dynamic strength of sandstone is sen-
sitive to three principal stresses under triaxial pre-com-
pression condition. When lateral confinement was applied 
on the specimen, the stress–strain behaviour is largely 
different from that observed in the dynamic uniaxial 
compression case. Figure 20 demonstrates the dynamic 
stress–strain curves of sandstone at the impact velocity of 
20 m/s under uniaxial, biaxial and triaxial compression 
tests, and rocks deform at the average strain rate of approx-
imate 110/s. Compared to the dynamic uniaxial unconfined 
strength (93 MPa) of sandstone, at the impact velocity of 
20 m/s, the dynamic triaxial strength increase evidently 
to around 250 MPa, which verifies that dynamic strength 
of rocks is confinement dependent. Test results illustrate 
that the enhancement of rock strength depends on confine-
ment condition under fixed impact velocity. The dynamic 
strength of sandstone can be classified into three levels 
(i.e. 50–100  MPa, 100–150  MPa, and 180–250  MPa) 

Fig. 18   Tested rock specimens and X-ray micro-CT reconstruction: a real sandstone specimen under different pre-stress conditions; b volume 
rendering from CT images; c fracture topology



2191Dynamic Mechanical and Fracture Behaviour of Sandstone Under Multiaxial Loads Using a Triaxial…

1 3

Fig. 19   Tomographic cross-sections of sandstone at the impact velocity of 20 m/s under different pre-stress conditions

Fig. 20   Dynamic stress–strain 
curves of sandstone at the 
impact velocity of 20 m/s under 
uniaxial, biaxial and triaxial 
compression (UC uniaxial 
compression, UC-C confined 
UC, BC biaxial compression, 
TC triaxial compression)
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according to the confinement conditions of uniaxial, 
biaxial and triaxial compression. The propensity for crack 
growth can be suppressed by the lateral confinement pres-
sure (Chen and Ravichandran 1997), and thus multi-stress 
state or lateral confinement contributes to the increase of 
dynamic strength of rocks.

For all conditions, beginning at zero stress, there exists 
a distinct linear elastic region of the stress–strain curves. 
The strain–stress curve obtained from conventional dynamic 
UC test possesses an initial compaction state, followed by 
linear elastic deformation and nonlinear damage until failure 
of rock at the peak strength. As for the deformation behav-
iour, there is a little deviation of linear elastic deforma-
tion before fracture in the dynamic UC test. Moreover, for 
dynamic confined tests of sandstone, the inelastic strain at 
maximum stress was of the same order of magnitude with 
elastic strain. Besides, the fracture behaviour of sandstone 
is significantly dependent on the confinement condition. In 
dynamic uniaxial and biaxial compression tests, rocks are 
impacted into fragments or even in powder, which leads to 
the post-peak strain continues to increase. However, under 
the true triaxial compression condition, the predominant 
failure mode is shear-type failures. Under the high triaxial 
pre-stress states like hydrostatic pressure confinement, rocks 
are geometrically intact with some damages such as grain 
deformation and dislocation. The post-peak strain of rock 
decreases in the unloading phase with a fast release of stored 
strain energy, which results in a distinct closed-loop in the 
post-peak of dynamic stress–strain curves.

The elastic modulus of rock is determined as the slope 
of the strain–stress history before the nonlinear segments. 
The average elastic modulus of sandstone are 11, 28 and 36 
GPa for uniaxial, biaxial and triaxial compression, respec-
tively, showing a rapid increase with confinement conditions 
changing from 1D to 3D, which can be obtained in Fig. 20. 
Theoretically, the elastic modulus is 15.9 GPa which can 
be calculated by E = �C2

L
 . However, because of the com-

paction from applied confined stresses, both density ρ and 
P-wave velocity CL of rocks increase as the porosity of rocks 
decreases. In this regard, the initial confinement contributes 
to the enhancement of rock elastic modulus. Besides, the 
dynamic evolutions of lateral confining stresses on the rock 
specimen are also affected by the stiffness of output X and 
Y bars. Thus the increase of elastic modulus with confine-
ment from 1D to 3D can be a combined material/structure 
phenomenon.

During the impact of a dynamic true triaxial test, the lat-
eral confining stresses σ2 and σ3 applied on the specimen are 
not constant. Instead, they increase gradually with the axial 
compressive loading from X direction. The increments Δσ2 
and Δσ3 depend not only on the impact velocity of striker, 
but also on the material parameters (e.g. Poisson’s ratio, 
elastic modulus and P-wave velocity) of the tested specimen 

and the bars. In the impact direction, the axial pre-stress 
acting on the specimen is assumed to be constant during 
the impact because of the delayed feedback of hydraulic 
cylinder, and thus the σ1 includes both static pre-stress and 
dynamic stress. Actually, the total strength of rock is the 
sum of static pre-stress and dynamic strength. Further inves-
tigations of total strength are being conducted to study the 
effects of confinements and loading rates.

5 � Conclusions

Dynamic properties of sandstone under various multiaxial 
loads including uniaxial, biaxial and triaxial compression 
were systematically studied using a newly developed triaxial 
Hopkinson bar system. The real-time deformation charac-
teristics of rock under dynamic biaxial compression were 
digitally captured using the high-speed camera, and fracture 
patterns of rocks under dynamic triaxial compression were 
non-destructively identified by the µCT system. Under the 
impact of the same velocity, dynamic properties including 
compressive failure strength, failure strain, elastic modulus 
and failure modes were discussed in detail. The main conclu-
sions are as following:

1.	 The triaxial Hopkinson bar is capable of recreating 
specified quasi-static stress states on geomaterials and 
followed by applying dynamic loadings, which allows 
precise determination of dynamic stress–strain of mate-
rials under multiaxial loading conditions. Experiments 
on sandstone specimens with various combination of 
static-dynamic loading demonstrate that the new test 
apparatus is of great robust with reliable data. In the 
dynamic triaxial tests, due to the Poisson’s effect of 
materials, three principal stresses (σ1, σ2 and σ3) acting 
on the rock specimen vary with the input dynamic loads 
and can be captured successfully by strain gauges on 
the six bars. The obtained signals provide not only the 
stress–strain information of materials, but also the stress 
states at which material damage and fracturing.

2.	 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 confine-
ment conditions varying from uniaxial, biaxial to triaxial 
compression. Dynamic strength of rocks is also depend-
ent 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. Micro-
cracks inside specimens are reactivated by pre-stress σ1, 
and thus a damage state is induced. However, the dila-
tancy for crack growth in the σ1 direction is suppressed 
by the lateral confining pre-stresses.
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3.	 Failure modes of sandstone also exhibit confinement 
dependence at the same impact velocity. Rocks can be 
pulverised 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 macro-
scopic shear fracture at low pre-stress states and remain 
intact in shape with great damage when pre-stresses 
increase.
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