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Abstract
Understanding the dynamic cracking behaviors and energy evolution of flawed rocks is highly relevant to underground rock 
engineering. In this study, multi-flawed rock specimens are tested under coupled static–dynamic compression using a modi-
fied SHPB system combined with high-speed photography and DIC monitoring. We systematically investigated the influences 
of pre-stress ratio, flaw inclination angle and strain rate on the dynamic progressive cracking mechanism and energy evolution 
of multi-flawed rocks. Experimental results show that the dynamic/total strength generally increases with increasing strain 
rate, featuring evident rate-dependence. With increasing flaw inclination angle from 15° to 60°, the dynamic/total strength ini-
tially decreases and subsequently increases with the minimum achieved around 45°. With the pre-stress ratio increasing from 
0.2 to 0.8, the dynamic strength persistently decreases while the total strength initially increases and subsequently decreases 
with the maximum achieved at 0.6. Furthermore, based on the displacement trend lines method, a novel crack classification 
method is developed to analyze the progressive cracking mechanism of multi-flawed rocks using high-speed photography 
and DIC technique. Generally, mixed cracking dominates the failure of multi-flawed rocks under coupled static–dynamic 
compression. With increasing flaw inclination angle form 15°–60°, the predominant cracking mechanism changes from 
mixed tensile-shear cracking to mixed compression-shear cracking. The increasing pre-stress ratio promotes shear cracking 
under lower flaw inclination angles while facilitates tensile cracking under higher flaw inclination angles. In addition, the 
energy evolution for coupled static–dynamic SHPB tests is re-evaluated and a new energy calculation formula is proposed. 
The results show that the increasing strain rate reduces the energy utilization while promotes the energy dissipation density. 
Both the energy utilization and energy dissipation density increase with increasing pre-stress ratios.

Keywords Multi-flawed rocks · Coupled static–dynamic compression · SHPB · DIC · Cracking mechanism · Energy 
dissipation

1 Introduction

Due to the long-term geological movement and external 
effects, aplenty flaws including fissures, voids and discon-
tinuities are widespread in natural rocks, which evidently 
weaken the stability of rock structures (Li et al. 2020a, b; 
Jiang et al. 2021). In underground rock engineering, flawed 
rocks are initially subjected to static tectonic stress or gravity 
stress and then dynamic loadings (e.g., drilling, blasting and 
seismic) (Xie et al. 2020; Zhang and Zhao 2014; Xia and 
Yao 2015). The underground rock structures are in a state of 
coupled static–dynamic combined loading, such as the rock 
pillars shown in Fig. 1. Thus, understanding the dynamic 
cracking behaviors and energy dissipation of flawed rocks 
under coupled static–dynamic compression loads is of high 
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relevance to the disaster mitigation and construction safety 
in rock engineering.

To date, majority of researches on the cracking behav-
iors and mechanical properties of flawed rocks are con-
centrated on pure static or dynamic loading conditions. 
Many uniaxial compression tests have been conducted 
on flawed rock specimens under quasi-static loading con-
dition (Park and Bobet 2010; Prudencio and Sint 2007; 
Wong and Chau 1998; Yan et al. 2019), and their results 
indicate that the mechanical properties of flawed rocks 
are markedly affected by the flaw geometry (Liu et al. 
2017; Zhou et al. 2019), especially the inclination angle 
of flaws (Huang et al. 2016). In addition, the progressive 
cracking behaviors of flawed rocks have also been widely 
investigated in quasi-static compression tests (Brace and 
Bombolakis 1963; Park and Bobet 2010; Zhang and Wong 
2013a). They identified the nature of cracks into tensile 
wing cracks and secondary shear cracks. And research-
ers also have proposed many crack classification schemes 
(Bobet 2000; Bobet and Einstein 1998; Sagong and Bobet 
2002; Shen 1995; Wong and Chau 1998). To eliminate 
some confusion, Wong and Einstein (2009a, b) further 
summarized previous studies and proposed seven crack 
types. Recently, some researchers investigated the failure 
modes of multi-flawed rocks under quasi-static compres-
sion loading (Bahaaddini et al. 2013; Lee and Jeon 2011). 
Four different failure types (i.e., shear failure, mixed fail-
ure, intact failure and stepped path failure) were identified 
by Cao et al. (2016). The split Hopkinson pressure bar 
(SHPB) has been wildly utilized to measure the dynamic 
mechanical properties of rocks following the recommen-
dation by the International Society for Rock Mechanics 
(ISRM). Recently, studies on the cracking behaviors and 
mechanical properties of flawed rocks are extended to 
dynamic loading conditions using the SHPB device (Li 
et al. 2017; Zhou et al. 2020a, b; Zou et al. 2016; Zou 
and Wong 2016). Their results indicate that the dynamic 
cracking behaviors and mechanical properties of flawed 

rocks are quite different from that of under static loading 
condition. The cracking process of single-flawed marble 
was classified into two stages including the initiation of 
white patches and the development of macro-cracks (Zou 
and Wong 2014). Their experiments also show that all 
the failure modes of single-flawed marble are “X” shaped 
shear failure. Recently, Li et al. (2019) performed dynamic 
compression experiments on double-flawed rocks and they 
classified nine crack coalescence types. Their results indi-
cate that the energy absorption of rock specimen is evi-
dently affected by the artificial flaws.

However, in underground rock engineering, the loads 
that applied on rock structures are usually the coupled 
static–dynamic compression loads rather than the sim-
ple dynamic or static compression loads. Understanding 
the dynamic energy evolution and cracking mechanism of 
rocks under coupled static–dynamic compression loads is 
undoubtedly of significance for practical rock engineer-
ing. Existing researches on the dynamic properties of rocks 
under coupled static–dynamic loads are mainly concentrated 
on intact rocks while rare investigations can be found on 
flawed rocks (Li et al. 2020a, b; Weng et al. 2018). Using 
the modified SHPB system, Li et al. (2008) conducted cou-
pled static–dynamic compression tests on siltstone and their 
results indicate that the coupled total strength of rocks is 
evidently larger than the individual dynamic strength or 
static strength. Zhou et al. (2020a, b) further investigated the 
energy evolution and fragment characteristics of intact rock 
specimens under coupled static–dynamic compression and 
identified four failure patterns, including intact, rock burst, 
axial splitting, and pulverization. Recently, Du et al. (2020a, 
b) conducted tri-axial coupled static–dynamic SHPB tests on 
sandstone with different radial and axial confine pressures, 
their results show that the dynamic mechanical properties 
are significantly enhanced by the radial confinement and the 
axial pre-compression.

As an important research topic that closely related to the 
practical rock engineering, rare literatures can be found to 
investigate the dynamic cracking mechanism of flawed rocks 
under coupled static–dynamic compression. During the past 
decades, many experiments have been conducted to inves-
tigate the cracking behaviors and cracking mechanism of 
flawed rocks under quasi-static loading (Bobet and Einstein 
1998; Sagong and Bobet 2002; Wong and Einstein 2009a, 
b) or dynamic loading condition (Li et al. 2017, 2019), and 
researchers have classified different crack types. These clas-
sifications are based on the observation of crack propaga-
tion path and morphology, more comprehensive and cogent 
crack type classification methods still need to be developed 
to explain the complex cracking mechanism of multi-flawed 
rocks under dynamic loading. In addition, existing studies on 
the energy evolution of rocks under coupled static–dynamic 
loadings are based on the energy analysis of traditional 

Fig. 1  Schematic of multi-flawed rocks subjected to coupled static–
dynamic compression in underground rock engineering



5119Dynamic Cracking Behaviors and Energy Evolution of Multi‑flawed Rocks Under Static…

1 3

SHPB tests. It is still questionable whether such classical 
SHPB energy calculation method is also applicative for the 
coupled static–dynamic SHPB tests.

Although our previous studies have explored the dynamic 
cracking behaviors of single-flawed rock specimens under 
impact loading (Yan et al. 2020), it is still failed to deeply 
interpret the cracking mechanism with solid mechanic evi-
dence. In the present work, multi-flawed rock specimens are 
tested using the axial confined SHPB system. Combining 
the high-speed photography with the digital image correla-
tion (DIC) monitoring, a novel crack classification method 
is introduced to give new sights on the progressive cracking 
mechanism of multi-flawed rocks. In addition, based on the 
re-evaluation of the energy calculation formula for coupled 
static–dynamic SHPB tests, energy evolution characteris-
tics of multi-flawed rocks are comprehensively investigated. 
The rest of this paper is organized as follows. Section 2 first 
introduces the specimen preparation and testing devices and 
then re-evaluates the energy calculation method for coupled 
static–dynamic SHPB tests. The experimental results are 
systematically reported in Sect. 3, including dynamic stress 
equilibrium, dynamic strength, progressive cracking behav-
iors and energy evolution. Section 4 comprehensively dis-
cusses two important issues regarding the novel crack clas-
sification method and the new energy calculation method. 
Section 5 summarizes the whole study and drawn the main 
conclusions.

2  Methodology

2.1  Specimen Preparation and Testing Scheme

In this study, Neijiang sandstone is used for our experiments 
(Xu and Dai 2018). All the rock specimens are cut from a 
homogeneous sandstone block along an identical direction. 
The multi-flawed rock specimens are prepared by a rigorous 
procedure. First, cuboid specimens are cut with a nominal 
size of 35 × 35 × 45  mm3. Then, diamond saw is used to cut 
the flaws with an aperture of 1 mm and different inclina-
tion angles β (the angle between horizontal direction and 
flaw orientation as shown in Fig. 2a). Finally, the surface 
roughness of the multi-flawed rock specimens is polished 
to less than 0.02 mm. The flaw length and flaw spacing are 
fixed at 7 mm and 8 mm. Figure 2 shows the prepared rock 
specimens.

The ratio of axial pre-stress that applied on rock specimen 
to the unconfined compression strength (UCS) of the multi-
flawed rock specimen is defined as the pre-stress ratio (kpre) 
in this study. The testing scheme of this work consists of two 
groups. For the group A, with the pre-stress ratio fixed at 
0.4, multi-flawed rock specimens with different inclination 
angles (15°, 30°, 45° and 60°) are tested under a wide range 
of loading rates. For the group B, with a fixed loading rate, 
the multi-flawed rock specimens are tested under distinct 
pre-stress ratios. Four different pre-stress ratios (i.e., 0.2, 
0.4, 0.6 and 0.8) are considered in this study, referring to 
previous studies on intact rocks (Li et al. 2008; Zhou et al. 
2020a, b). Using a MTS-793 rock testing system, unconfined 
compression tests are conducted to get the static strengths 
parameters of the multi-flawed rock specimens. Three speci-
mens are tested for each flaw inclination angle and Table 1 

Fig. 2  a Illustration of the geometry of the multi-flawed rock specimens. b Part of the prepared specimens with different inclination angles



5120 Z. Yan et al.

1 3

lists the results. The average UCSs for the multi-flawed rock 
specimens with inclination angle of 15°, 30°, 45° and 60° 
are 38.58 MPa, 38.36 MPa, 37.89 MPa and 39.15 MPa, 
respectively.

2.2  Testing Apparatus and Procedure

A modified SHPB system is utilized to conduct the cou-
pled static–dynamic compression tests on the multi-flawed 
rock specimens. This modified SHPB system is developed 
by adding the axial confinement unit to a traditional SHPB 
apparatus. The axial confinement unit mainly includes a 
hydraulic vessel, two rigid plate and four tide rods as noted 
in Fig. 3. The traditional SHPB device is generally com-
posed of three bars including the striker bar, the incident 
bar and the transmitted bar. The diameter of the three bars 

is 50 mm with lengths of 300 mm, 3000 mm and 2000 mm, 
respectively. The P-wave velocity and the density of bars 
are 5201 m/s and 7800 kg/m3, respectively. To eliminate 
the high frequency of oscillation of incident wave, the pulse 
shaping technique is essential in SHPB tests (Frew et al. 
2002). In this study, the rectangular incident wave is shaped 
into a ramped wave by a small copper disk to promote the 
dynamic stress equilibrium of rock specimen.

During the experiments, the flawed rock specimen is 
firstly placed between the transmitted and incident bars. 
Note that the light high vacuum grease is used to lubricate 
both ends of rock specimen for minimizing the friction 
effects. After the successfully application of the axial pre-
compression stress by the axial confinement unit, the striker 
bar is launched to first impact the pulse shaper and then the 
incident bar, yielding a non-dispersive incident wave. Upon 
arriving at the interface between incident bar and rock speci-
men, parts of the incident wave transmit through the rock 
specimen into the transmitted bar (i.e., transmitted wave), 
and the reflected parts are identified as the reflected wave. 
Strain gauges are separately mounted on the incident and the 
transmitted bars, and the three stress waves can be recorded.

For the coupled static–dynamic SHPB tests, the 1D stress 
wave propagation theory can be still guaranteed (Li et al. 
2008). And the dynamic stress wave and the static pre-stress 
part meet the linear superposition (Xu et al. 2020). Because 
of the axial pre-compression, the baseline of the incident 

Table 1  Uniaxial compression strength of multi-flawed rock speci-
mens with different inclination angles under quasi-static compression

Inclina-
tion angle

S1 (MPa) S2 (MPa) S3 (MPa) Average (MPa)

15° 38.11 40.00 37.69 38.58
30° 36.39 39.11 39.60 38.36
45° 36.58 38.14 38.95 37.89
60° 39.01 38.43 40.02 39.15

Fig. 3  Photograph and schematic of the SHPB system modified with an axial confinement unit
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and transmitted wave is the static pre-stress (σpre). However, 
due to the existing of the detachment wave, the baseline of 
the reflected wave can be different (Chen et al. 2018). In our 
tests, calculations proved that the detachment wave reaches 
the strain gauges after the reflected wave have completely 
passed through the strain gauges. Thus, the baseline of the 
reflected wave is zero (Yan et al. 2020). The full strain sig-
nals (εitotal, εrtotal and εttotal) containing the pre-strain (εpre) 
can be captured by the strain gauges. The dynamic stress 
histories on the specimen ends are determined by Eq. (1) 
based on 1D stress wave theory (Kolsky 1949). Upon the 
dynamic stress equilibrium prevails, Eq. (2) is commonly 
used to determine the dynamic stress (σ), strain (ε) and strain 
rate ( �̇� ) of rock specimens (Du et al. 2020b; Yan et al. 2020):

where P1 and P2 are the dynamic stress history on both ends 
of specimen, respectively. Ab, Eb and cb denote the cross-
section area, elastic modulus and longitudinal wave velocity 
of the bar, respectively. As and Ls are the cross-section area 
and length of the specimen, respectively.

2.3  High‑Speed Photography and Digital Image 
Correlation

The failure procedure of rock specimen under impact load-
ing is very short in SHPB tests. Therefore, high-speed 

(1)

⎧
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P1 =
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Eb

�
�itotal + �rtotal

�
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,

(2)
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2cb

Ls
𝜀rtotal

,

photography is essential for capturing the whole crack-
ing process of multi-flawed rock specimens. In this study, 
180,000 fps with the resolution of 256 × 256 pixels is set 
for the high-speed camera. Two cold lights (600 W) were 
used to lighten the specimen surface. During the experi-
ments, high-speed photography and the dynamic loading is 
strictly synchronized. Sequences of snapshots are captured 
covering the whole failure process of the multi-flawed rock 
specimens.

As an advanced non-contact optical measurement tech-
nology to monitor the deformation on specimen surface, the 
digital image correlation (DIC) technique has been exten-
sively applied to investigate cracking behaviors of rocks 
under various loading conditions (Aliabadian et al. 2019; 
Sharafisafa et al. 2018; Xing et al. 2018). The fundamental 
principle of DIC technique is to track the position of the 
same pixels between a reference image and a sequence of 
deformed images using the correlation function (Pan 2018). 
The displacement of the center point of the subset is deter-
mined by matching the maximizing correlation coefficient 
as shown in Fig. 4a. The displacement of other pixels in the 
subset can be determined by Eq. (3):

where u and v are displacement component of the center 
point along the x- and y- direction, respectively; ux, uy, vx 
and vy are the first-order displacement gradient of the refer-
ence subset.

Repeating the algorithm for all subsets in the zone of 
interest (ZOI), the displacement field of tested specimen 
can be determined. Then, the strain field is obtained by 
differentiating the displacement field. Note that the result 
calculated by DIC is significantly influenced by the quality 
of speckle pattern. Commonly, a good speckle pattern has 
the following characteristics: high contrast, randomness, 
isotropy and stability (Pan et al. 2010). In our work, first, 
a thin matte white paint is sprayed on the surface of rock 

(3)

{
x�
i
= xi + u + uxΔx + uyΔy

y�
i
= yi + v + vxΔx + vyΔy

,

Fig. 4  a Schematic illustration of the principle of DIC algorithm; b typical multi-flawed specimen with speckle pattern and ZOI
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specimen. After several hours, the white paint on the sur-
face of rock specimen is completely dry. Then, the matte 
black paint is sprayed on the white surface to create ran-
dom speckle pattern. This method has been wildly adopted 
to generate random speckle patterns in good quality (Xing 
et al. 2018; Yan et al. 2020). Figure 4b shows a typical 
multi-flawed specimen with desired speckle pattern.

2.4  Energy Analysis for Coupled Static–Dynamic 
SHPB Tests

During the SHPB tests, the propagation of stress wave will 
produce both elastic deformation and motion of the bars 
(Song and Chen 2006). Therefore, the energy caused by 
stress waves consists of two parts, i.e., the elastic strain 
energy (U) and the kinetic energy (K). Since the propaga-
tion of stress waves is not affected by the axial pre-stress 
in coupled static–dynamic SHPB tests, the kinetic energy 
(K) is determined by particle velocity of the bars:

where cb and ρ are the P-wave velocity and density of the 
bars. εd is the dynamic part of the strain signals.

Specifically, the kinetic energies caused by the incident 
wave (Ki), reflected wave (Kr) and transmitted wave (Kt) 
are determined by Eq. (5):

According to the elastic theory, the elastic strain energy 
in the bars can be determined by Eq. (6):

where εtotal is the total strain of the bar, which is the sum of 
dynamic strain (εd) and pre-strain (εpre); εpre is the pre-strain 
of the bars induced by the axial pre-compression stress.

Specifically, elastic strain energies in the incident bar 
(Ui), reflected bar (Ur) and transmitted bar (Ut) can be 
determined by Eq. (7):

(4)
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The total energy (W) is determined by the sum of kinetic 
energy (K) and elastic strain energy (U) by Eq. (8):

Then, the energy absorbed by the rock specimen (Wa) is 
determined by Eq. (9):

The energy utilization efficiency (kw) is determined by the 
ratio of absorbed energy (Wa) of specimen to the incident 
energy (Wi):

And the energy dissipation density (ηw) is determined 
by Eq. (11):

where V denotes the specimen volume.

3  Experimental Results

3.1  Dynamic Stress Equilibrium

As a valid SHPB test, dynamic stress equilibrium of tested 
rock specimen shall be guaranteed before the further inter-
pretation of experimental results. In this study, the rectan-
gular incident wave is shaped into a non-dispersive ramped 
wave to promote the dynamic stress equilibrium of rock 
specimen (Dai et al. 2010). Based on the 1D stress wave 
theory, by shifting the three stress waves to the interface 
between bars and specimen, the dynamic stress histories on 
the specimen ends can be determined by Eq. (1). Figure 5 
shows the dynamic stress equilibrium check in this study. At 
the beginning of the dynamic loading process, the reflected 
stress is zero, while the incident and transmitted wave 
equals to the axial pre-stress. After several reverberation of 
stress wave inside the rock specimen, dynamic stresses on 
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specimen ends match with each other during the whole load-
ing process. It is thus can be concluded that the multi-flawed 
rock specimen has achieved the dynamic stress equilibrium 
state in our experiments.

3.2  Dynamic Mechanical Properties

Once the rock specimen has achieved the dynamic stress 
equilibrium during the impact loading, the dynamic 
stress–strain curves can be derived by Eq. (2). Figure 6 
presents the dynamic stress–strain curves of multi-flawed 
rock specimens with distinct inclination angles under a fixed 
pre-stress ratio of 0.4 (i.e., the test group A). It is worth 
noting that the static deformation parts induced by the axial 
pre-compression stress are not included in the dynamic 
stress–strain curves. All these stress–strain curves show 
similar characteristics. However, it can be seen that the strain 
rate significantly affects the dynamic mechanical proper-
ties: the failure strains generally increase with of increase 
of strain rate.

Table 2 lists the tested results of group A. The sum of 
dynamic strength and its corresponding axial pre-stress is 

Fig. 5  Dynamic stress equilibrium check for multi-flawed rock speci-
men under coupled static–dynamic compression

Fig. 6  Dynamic stress–strain curves of multi-flawed rock specimens with different inclination angles a 15°, b 30°, c 45°, d 60° under a fixed pre-
stress ratio of 0.4
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defined as the total strength. It is evident that the dynamic/
total strength is larger than the quasi-static strength. The 
influences of strain rate on the dynamic and total strength are 
shown in Fig. 7a, c, respectively. Obviously, the dynamic/
total strength shows remarkable rate-dependence. Specifi-
cally, with increasing strain rate from ~ 30 to ~ 150/s, the 
dynamic strength increases from ~ 60 to ~ 90 MPa and the 
total strength increases from ~ 75 to ~ 105 MPa. Moreover, 
the influences of flaw inclination angle on the dynamic and 
total strength are shown in Fig. 7b, d. For a fixed loading 
rate, the dynamic/total strength initially decreases and sub-
sequently increases with the flaw inclination angle increas-
ing from 15° to 60°, among which the minimal values are 
achieved around 45°.

Figure 8 presents the complete stress–strain curves of 
multi-flawed rock specimens under different pre-stress 
ratios with approximate strain rates (i.e., the test group B). 
Note that the complete stress–strain curves are the combi-
nation of the dynamic stress–strain curves and quasi-static 
stress–strain curves. The initial points of the dynamic 
stress–strain curves correspond to the axial pre-stresses that 
applied to the rock specimens. It is evident that the dynamic 
part of the curves is quite different from the static part of the 

curves. The dynamic deformation modulus of the curves is 
much larger than the quasi-static ones.

Table 3 lists the dynamic properties of tested rock speci-
mens under different pre-stress ratios. Figure 9 shows the 
influences of pre-stress ratio and flaw inclination angle on 
the dynamic and total strength. For a fixed pre-stress ratio, 
the dynamic/total strength reaches the minimal values at flaw 
inclination angle of 45° and the maximal values at 60°. For a 
given flaw inclination angle, the dynamic strength monoto-
nously decreases with increasing pre-stress ratios from 0.2 to 
0.8. However, the total strength initially increases and sub-
sequently decreases with the maximum values achieved at 
pre-stress ratio about 0.6. Similar results have been reported 
in previous studies (Li et al. 2008). They believed that the 
transition of total strength may be related to the exceeding 
of yield point of rock specimen under static pre-compression 
(Zhou et al. 2020a, b). Our study confirmed this viewpoint 
again as shown in Fig. 8, from which it can be found that the 
multi-flawed rock specimens have indeed entered the plastic 
yield stage in the quasi-static stress–strain curves under the 
pre-stress ratio of 0.8.

Table 2  Mechanical properties 
of multi-flawed rock specimens 
with different inclination angles 
under coupled static–dynamic 
compression with a fixed pre-
stress ratio of 0.4

Specimen No Pre-stress (MPa) Inclination 
angle (°)

Strain rate (/s) Dynamic 
strength (MPa)

Total 
strength 
(MPa)

A15-D4-1 15.4 15 32.4 65.5 81.2
A15-D4-3 15.4 15 38.8 67.4 83.0
A15-D4-5 15.4 15 66.6 73.3 89.0
A15-D4-4 15.4 15 81.3 78.5 94.1
A15-D4-6 15.4 15 112.9 84.6 100.2
A15-D4-2 15.4 15 152.4 95.2 110.8
A30-D4-3 15.3 30 31.9 62.5 77.7
A30-D4-1 15.3 30 50.9 67.4 82.5
A30-D4-4 15.3 30 67.9 69.4 84.5
A30-D4-5 15.3 30 103.4 75.3 90.5
A30-D4-6 15.3 30 125.3 82.1 97.3
A30-D4-2 15.3 30 142.5 87.2 102.4
A45-D4-3 15.1 45 43.7 57.9 73.3
A45-D4-1 15.1 45 61.3 64.1 79.4
A45-D4-2 15.1 45 78.0 66.6 81.9
A45-D4-5 15.1 45 91.2 72.6 87.9
A45-D4-6 15.1 45 131.0 80.2 95.6
A45-D4-4 15.1 45 158.1 88.4 103.7
A60-D4-6 15.7 60 21.1 69.5 84.9
A60-D4-1 15.7 60 29.9 70.8 86.3
A60-D4-3 15.7 60 50.2 79.7 95.1
A60-D4-4 15.7 60 70.0 80.8 96.2
A60-D4-5 15.7 60 116.1 92.7 108.1
A60-D4-2 15.7 60 126.0 95.0 110.5
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3.3  Cracking Behaviors and Failure Modes

3.3.1  A Novel Crack Classification Method

Using the high-speed photography, progressive cracking 
processes of the multi-flawed rocks are captured. Accord-
ing to the DIC algorithm, the maximal principle strain field 
and the displacement field can be visualized to analyze the 
progressive cracking behaviors of multi-flawed rocks. Then, 
based on the displacement trend line (DTL) method, a novel 
crack type classification is proposed for further understand-
ing of the progressive cracking mechanism of multi-flawed 
rocks under coupled static–dynamic compression.

The tested rock specimens will axially deform during the 
loading process. By matching the positions of the same pixel 
on the specimen surface before and after deformation using 
DIC technique, the displacement vector of each pixel can be 
obtained. If the displacement vectors of all pixels are plot-
ted, the displacement field will be very dense and fuzzy, and 
even local amplification is not effective for cracking analysis. 
Therefore, the displacement vectors in a region of 14 × 18 
pixel (around 2.748 × 3.534 mm) are averaged, so that the 
clear and effective displacement filed can be illustrated for 

cracking analysis. At the beginning of dynamic loading, the 
specimen does not deform and there are only some random 
tiny arrows as shown in Fig. 10a. As the loading contin-
ues, the rock specimen is uniformly compressed. And the 
displacement vectors are uniformly distributed towards the 
transmitted end of specimen as shown in Fig. 10b. When a 
crack initiates and propagates on the specimen surface, the 
displacement field in the area near the new developed crack 
would become discontinuous (Zhang and Wong 2014). In 
other words, the displacement vectors on both sides of the 
newly developed crack can be different in terms of magni-
tudes and directions as shown in Fig. 10c. To deeply under-
stand the fracture mechanism of the newly developed crack, 
displacement trend lines (DTLs), which are schematically 
simplified by two bold blue arrows, are introduced to rep-
resent the general displacement trends near the both sides 
of the newly developed crack (Zhang and Wong 2014). 
Since the locations of DTLs significantly affect the crack-
ing analysis, a quantitative standard is essential to deter-
mine the starting positions of DTLs. If the starting positions 
of DTLs are far away from the newly developed crack, the 
DTLs cannot reflect the cracking nature. On the contrary, if 
the starting positions are quite close to the new crack, the 

Fig. 7  Influences of strain rate and flaw inclination angle of flaws on the dynamic strength and total strength: a dynamic strength versus strain 
rate; b dynamic strength versus flaw inclination angle; c total strength versus strain rate; d total strength versus flaw inclination angle
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Fig. 8  Complete stress–strain curves of the multi-flawed rock specimens under different pre-stress ratio: a flaw inclination angle of 15°, b flaw 
inclination angle of 30°, c flaw inclination angle of 45°, d flaw inclination angle of 60°. The strain rate is fixed around 45/s

Table 3  Mechanical properties 
of multi-flawed rock specimens 
with different inclination angles 
under different pre-stress ratios 
with a fixed strain rate at ~ 45/s

Specimen No Pre-stress (MPa) Inclination 
angle (°)

Strain rate (/s) Dynamic 
strength (MPa)

Total 
strength 
(MPa)

A15-D2-3 7.7 15 40.1 73.2 80.2
A15-D4-3 15.4 15 38.8 67.4 83.0
A15-D6-3 23.1 15 44.1 63.5 86.7
A15-D8-3 30.9 15 45.6 48.6 79.7
A30-D2-3 7.6 30 36.3 67.8 77.2
A30-D4-3 15.3 30 31.9 62.5 77.7
A30-D6-3 23.0 30 44.1 58.9 83.1
A30-D8-3 30.6 30 38.3 45.1 76.1
A45-D2-3 7.5 45 44.3 64.0 71.7
A45-D4-3 15.1 45 43.7 57.9 73.3
A45-D6-3 22.7 45 66.8 56.1 78.8
A45-D8-3 30.3 45 26.4 39.5 67.8
A60-D2-3 7.8 60 44.1 84.2 94.2
A60-D4-3 15.7 60 50.2 79.7 95.1
A60-D6-3 23.9 60 47.7 76.2 99.7
A60-D8-3 31.3 60 53.2 61.5 92.9
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large displacement or discontinuous deformation near the 
newly developed crack can result in substantial measurement 
errors (Ji et al. 2016). According to previous studies (Lin 
et al. 2014, 2020; Ji et al. 2016) on the rock fracture behav-
iors using DIC, the distance between the starting positions 

of DTLs and crack is set about ten times the size of a pixel 
point. Since the magnification factor M = 0.1963 mm/pixel 
in the experiments, the distance between the starting point 
of DTL and the crack is determined as 2 mm as show in 
Fig. 10d. Then, the two DTLs are decomposed along the 

Fig. 9  Influences of pre-stress ratio and the flaw inclination angle on the dynamic strength and total strength: a dynamic strength versus pre-
stress ratio; and b total strength versus pre-stress ratio

Fig. 10  Illustration of the dis-
placement trend lines method: 
a initial state; b a uniform 
and continuous displacement 
field; c displacement vectors 
varied abruptly in the vicin-
ity of a newly developed crack 
(black dash line); d DTLs (blue 
arrows) on both sides of the 
crack and its component vectors 
(red arrows)
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direction parallel and perpendicular to the newly developed 
crack. Since the DTL vectors are determined by the displace-
ment vectors via DIC, the exact magnitude and orientation 
of the parallel/perpendicular components can also be exactly 
determined by the triangular geometry relationship. By com-
paring the direction and magnitude of the two perpendicular 
component vectors, tensile properties of the newly devel-
oped crack can be identified. Similarly, by comparing the 
direction and magnitude of the two parallel component vec-
tors, shear properties of the newly developed crack can be 
identified. Based on the identification principle stated above, 
eight crack types can be identified as shown in Fig. 11, and 
the basis of the crack classification are detailed bellow:

Type I (Fig. 11a): the parallel component vectors have 
the same magnitude and directions, while the perpendicular 
component vectors have the opposite directions. This type 
of crack is identified as direct tensile crack, denoted as DT 
crack.

Type II (Fig. 11b): the parallel component vectors have 
the same magnitude and directions, while the perpendicu-
lar component vectors have the same direction but different 
magnitudes. This type of crack is identified as relative tensile 
crack, denoted as RT crack.

Type III (Fig. 11c): the perpendicular component vectors 
have the same magnitude and directions, while the parallel 
component vectors have the opposite directions. This type of 
crack is identified as direct shear crack, denoted as DS crack.

Type IV (Fig. 11d): the perpendicular component vec-
tors have the same magnitude and directions. The parallel 
component vectors have the same direction, while their 
magnitudes are significantly different. This type of crack is 
identified as relative shear crack, denoted as RS crack.

Type V (Fig. 11e): the perpendicular component vectors 
have the opposite directions, and the parallel component 
vectors also have the opposite directions. This type of crack 
is identified as tensile-shear mixed crack, denoted as TS1 
crack.

Type VI (Fig. 11f): the perpendicular component vec-
tors have the opposite directions. The parallel component 
vectors have the same direction, while their magnitudes are 
significantly different. This type of crack is also identified as 
tensile-shear mixed crack, denoted as TS2 crack.

Type VII (Fig. 11g): the perpendicular component vec-
tors have the same direction, while their magnitudes are 
significantly different. The parallel component vectors have 
the opposite directions. This type of crack is identified as 
compression-shear mixed crack, denoted as CS1 crack.

Type VIII (Fig. 11h): the perpendicular component vec-
tors have the same direction, while their magnitudes are sig-
nificantly different. The parallel component vectors have the 
same direction, while their magnitudes are also significantly 
different. This type of crack is also identified as compres-
sion-shear mixed crack, denoted as CS2 crack.

Among the above eight crack types, the first four crack 
types (i.e., type I–IV) are the basic cracks, and the last four 
crack types (i.e., type V–VIII) are mixed cracks. Note that 
the magnitudes of the components two pairs of DTLs rarely 
have the exact same values. If the relative difference of a pair 
of DTL components is smaller than 1%, they are believed to 
have the “same magnitudes”.

3.3.2  Progressive Cracking Behaviors

In this section, four typical multi-flawed rock specimens 
with different inclination angles are selected to investi-
gate the progressive cracking behaviors under coupled 
static–dynamic compression. The progressive failure pho-
tographs and their corresponding maximal principle strain 
field and displacement field are shown in Fig. 12. For each 
specimen, five snapshots are selected covering the initial 
stage, fracture initiation and propagation process, peak stress 
and the post-peak failure. To illustrate the fracture mecha-
nism of some local cracks more clearly, three typical crack 
types are highlighted in each diagram. For each photograph, 
the left and right sides of the tested specimen are the trans-
mitted bar and incident bar, respectively.

Figure 12a presents the typical progressive cracking 
behaviors of multi-flawed rock specimen with inclination 
angle of 15°. The first frame corresponds to the moment 
when the rock specimen started to be loaded (0 μs). The 
strain field and displacement field indicate that there is no 
deformation on the rock specimen at this moment. As the 
loading continues, the rock specimen is uniformly com-
pressed for a long period. Due to high strain concentration, 
a CS2 crack emanates from the outer tip of flaw at 288.9 μs. 
After that, a direct tensile crack (DT crack) emanates from 
the inner flaw tip at 305.6 μs. Then, the rock specimen 
reaches the peaks stress at 327.8 μs, and a TS2 crack ema-
nates from the outer tip of flaw to connect with the specimen 
end. During the post-peak stage (377.8 μs), a tensile crack 
(DT crack) appears near the incident end of rock specimen 
and coalesce with existing flaws.

Figure 12b presents the progressive cracking behaviors 
of multi-flawed rock specimen with inclination angle of 
30°. At the moment of 288.9 μs, strain concentration occurs 
at the inner tips of flaws and the corner of specimen, and 
a TS2 crack emanates from the inner tip of flaw. As the 
loading continues, more cracks (i.e., RT crack, CS2 crack, 
TS2 crack and CS2 crack) start to emanate from other flaw 
tips at 322.2 μs. The strain concentrations near the newly 
developed cracks are significantly intensified. After that, 
the rock specimen reaches the peak stress at 350 μs, and 
the existing cracks further propagate. With the specimen 
stress gradually dropping down during the post-peak stage 
(383.3 μs), some tensile cracks (i.e., DT crack and RT crack) 
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also originate from the incident end of rock specimen and 
propagate horizontally.

Figure 12c presents the typical progressive cracking 
behaviors of multi-flawed rock specimen with inclination 
angle of 45°. When the rock specimen is loaded to 277.8 μs, 
symmetrical strain concentrations appear near the flaw tips 
and a TS2 crack originates from the inner tips of flaws. As 

the loading continues, a pair of symmetrical DT cracks 
emanate from the outer tips of flaws at 305.6 μs. When the 
rock specimen is loaded to reach the peak stress (327.8 μs), 
mixed cracks (TS2 crack and CS2 crack) propagate towards 
the specimen ends accompanied with evident strain concen-
tration. Then, the specimen stress decreases dramatically 
during the post-peak stage and more compression-shear 

Fig. 11  Eight crack types 
defined by DTLs method. (The 
dash lines represent the newly 
developed cracks. The bold blue 
arrows are the DTLs. The red 
arrows are the component vec-
tors decomposed by the DTLs 
along the directions perpendicu-
lar and parallel to the crack)
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Fig. 12  Influence of flaw inclination angle on the progressive failure 
behaviors of flawed rock specimens under coupled static–dynamic 
compression: a flaw inclination angle of 15°, b flaw inclination angle 

of 30°, c flaw inclination angle of 45°, d flaw inclination angle of 
60°. The pre-stress ratios are fixed at 0.4 and the strain rate is fixed 
at ~ 45/s
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Fig. 12  (continued)
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mixed cracks (CS2 crack) propagate to the specimen ends 
(361.1 μs).

Figure 12d presents the typical progressive cracking 
behaviors of multi-flawed rock specimen with inclination 
angle of 60°. At 243.7 μs, strain concentration occurs at 
the inner tips of flaws and then the inner tips of flaws are 
connected by a DT crack. After that, strain concentration 
is symmetrically intensified at flaw tips and specimen ends, 
and more cracks (RT crack and RS crack) start to emanate 
from the outer tips of flaws at 282.8 μs. When the rock speci-
men reaches the peak stress at 322.2 μs, some tensile-shear 
mixed cracks (TS2 crack) propagate to the transmitted end of 
rock specimen. Then, the rock specimen enters the post-peak 
stage, the mixed cracks (TS2 crack and CS2 crack) further 
propagate and coalesce with specimen ends (366.1 μs) lead-
ing the final catastrophic failure of rock specimen.

As can be seen in Fig. 12, most cracks initiate from the 
edge of prefabricated flaws. A few thresholds of crack propa-
gation locate at the corner of the specimen due to stress 
concentration. Generally, with the pre-stress ratio fixed at 
0.4, the multi-flawed rock specimens failed in mixed crack-
ing mechanism. Under relative lower inclination angles (15° 
and 30°), a large amount of tensile cracks (DT crack and 
RT crack) and tensile-shear cracks (TS2 crack) are observed 
to horizontally propagate on the specimen surface, indicat-
ing that the tensile-shear mixed cracking mechanism are 
dominated among rock specimens with lower flaw inclina-
tion angles. However, more mixed cracks (TS2 crack and 
CS2 crack), especially the compression-shear cracks, are 
observed to diagonally propagate among rock specimens 
with relative higher flaw inclination angles (45° and 60°). It 
is thus can be concluded that the shear cracking mechanism 
becomes more popular for the rock specimens with higher 
flaw inclination angles.

3.3.3  Failure Modes

To further understand the comprehensive influences of 
pre-stress ratio and flaw inclination angle on the cracking 
behaviors and failure mechanism of multi-flawed rocks 
under coupled static–dynamic compression loading, Fig. 13 
presents the typical failure modes of tested rock specimens 
with distinct inclination angles under different pre-stress 
ratios. And the corresponding displacement fields are also 
presented accompanied with DTLs for facilitating insight-
ful fracture mechanism analysis. In general, under coupled 
static–dynamic compression loading, the multi-flawed rock 
specimens failed in “X” or half “X” shaped failure modes. 
And the failure mechanism is dominated by mixed cracking, 
especially mixed compression-shear cracking.

It can be clearly found that the flaw inclination angle evi-
dently affects cracking behaviors of multi-flawed rocks as 
shown in Fig. 13. For the multi-flawed rock specimens with 

relative lower inclination angles (15° and 30°), more tensile 
cracks (e.g., DT crack and RT crack) and tensile-shear cracks 
(TS2 crack) are observed to coalesce with flaw tips and the 
specimen ends. With the flaw inclination angles become 
higher (45° and 60°), more compression-shear cracks (CS1 
crack and CS2 crack) and tensile-shear cracks (TS2 crack) 
are found to originate from the specimen ends and diago-
nally coalesce with flaw tips. The inner tips of flaws are usu-
ally connected by compression-shear or tensile-shear cracks. 
Therefore, it can be concluded that the failure mechanism 
of multi-flawed specimens with relative lower flaw inclina-
tion angle is dominated by tensile-shear cracking; while the 
shear cracking becomes more prominent under higher flaw 
inclination angles, leading to the compression-shear mixed 
failure mechanism.

The pre-stress ratio also significantly affects the crack-
ing behaviors and failure mechanism of multi-flawed rocks 
under coupled static–dynamic compression loading. For 
the specimens with relative lower flaw inclination angles 
(15°and 30°), the tensile cracking (DT crack and RT crack) 
decreases while the shear cracking (CS1 crack, CS2 crack, 
TS1 crack and TS2 crack) increases with the increase of pre-
stress ratios, indicating that the pre-stress ratio promotes the 
shear cracking under lower flaw inclination angles. However, 
for the rock specimens with high inclination angles (45° and 
60°), more tensile cracks (RT crack) and tensile-shear mixed 
cracks (TS2 crack) can be observed with the increase of 
pre-stress ratio. Therefore, it is concluded that the pre-stress 
ratio promotes the tensile cracking under high flaw inclina-
tion angles.

3.4  Energy Evolution

Based on the analysis of energy evolution in Sect. 2.4, the 
energy partitions can be calculated using Eqs. (9), (10). 
Table 4 summarized the energy partitions of multi-flawed 
rock specimens in test group A. Figure 14 presents the influ-
ences of strain rate and flaw inclination angle on the energy 
utilization efficiency and the energy dissipation density. 
From Fig. 14a, it is concluded that the energy utilization 
efficiency of the multi-flawed rock specimens is between 
15 and 55%, and the energy utilization efficiency generally 
decreases with increasing strain rate regardless flaw inclina-
tion angles. In addition, for a given strain rate, the energy 
utilization efficiency reaches the minimum at flaw inclina-
tion angle of 45° and the maximum at 60°. On the contrary, 
Fig. 14b indicates that increasing strain rate promotes the 
energy dissipation density. Specifically, with strain rate 
increasing from ~ 30 to ~ 150/s, the energy dissipation den-
sity increases from ~ 0.3 to ~ 1.5 J/cm3. For a given strain 
rate, the energy dissipation density first decreases then 
increases with the flaw inclination angle increasing from 
15° to 60°, and the minimum is achieved at 45° while the 
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Fig. 13  Comparison of the failure modes of multi-flawed rock specimens with four different inclination angles under distinct pre-stress ratios
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maximum achieved at 60°. This decrease–increase trend is 
somewhat alike to that of the dynamic/total strength due to 
the fact that the higher strength means more energy shall be 
dissipated for rock failure.

Table 5 summarized the energy partitions of multi-
flawed rock specimens in the test group B. Figure 15 
shows the influences of pre-stress ratio and flaw inclination 
angle on the energy utilization efficiency and the energy 
dissipation density. From Fig. 15a, it is evident that the 

Table 4  Energy partitions of 
multi-flawed rock specimens 
with different inclination angles 
under coupled static–dynamic 
compression with a fixed pre-
stress ratio of 0.4

Specimen no Strain rate (/s) Incident 
energy (J)

Reflected 
energy (J)

Transmitted 
energy (J)

Absorbed 
energy (J)

A15-D4-1 32.4 49.0 15.1 12.6 21.4
A15-D4-3 38.8 85.2 35.1 13.1 36.9
A15-D4-5 66.6 87.0 45.2 8.6 33.3
A15-D4-4 81.3 144.5 75.0 12.5 57.0
A15-D4-6 112.9 247.5 160.0 12.2 75.3
A15-D4-2 152.4 286.5 199.9 9.9 76.6
A30-D4-1 31.9 52.1 20.0 12.1 20.0
A30-D4-3 50.9 58.7 25.0 13.3 20.4
A30-D4-4 67.9 75.4 40.1 12.3 23.1
A30-D4-5 103.4 213.4 147.5 9.4 56.5
A30-D4-6 125.3 285.5 214.9 7.5 62.9
A30-D4-2 142.5 306.0 214.4 11.8 79.8
A45-D4-1 43.7 54.2 33.9 8.7 11.5
A45-D4-3 61.3 78.6 49.2 7.9 21.5
A45-D4-2 78.0 137.7 101.1 9.5 27.1
A45-D4-5 91.2 201.6 155.0 9.2 37.5
A45-D4-6 131.0 236.4 179.9 10.4 46.0
A45-D4-4 158.1 282.6 220.0 12.5 50.0
A60-D4-6 21.1 47.7 6.9 15.9 24.8
A60-D4-1 29.9 48.0 8.1 16.9 23.2
A60-D4-3 50.2 85.3 31.1 15.7 38.5
A60-D4-4 70.0 127.7 52.1 13.9 61.6
A60-D4-5 116.1 201.5 109.3 14.2 78.0
A60-D4-2 126.0 285.3 176.0 13.2 96.0

Fig. 14  Influences of strain rate and flaw inclination angle on the energy utilization efficiency and the energy dissipation density with a fixed pre-
stress ratio of 0.4
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energy utilization efficiency increases with increasing of 
pre-stress ratio from 0.2 to 0.8 regardless flaw inclination 
angles. For a given pre-stress ratio, the energy utilization 
efficiency reaches the minimum at flaw inclination angle of 
45° and the maximum at 60°. Additionally, the increment 
at 45° is much larger than that at 60°. The energy dissipa-
tion density also increases with increasing pre-stress ratios 
from 0.2 to 0.8 regardless flaw inclination angles as shown 
in Fig. 15b. Furthermore, for a given pre-stress ratio, the 
energy dissipation density also achieves the minimum at 
flaw inclination angle around 45° and the maximum at 60°.

4  Discussion

In this study, a new crack classification method is proposed 
to analyze the progressive cracking behaviors of multi-
flawed rocks based on high-speed photography and DIC 
technique. In addition, the energy calculation methods for 
coupled static–dynamic SHPB tests are re-evaluated and 
a novel energy calculation formula is proposed to analyze 
the energy evolution characteristics. Herein, some critical 

Table 5  Energy partitions of 
multi-flawed rock specimens 
with different inclination angles 
under different pre-stress ratios 
with a fixed strain rate at ~ 45/s

Specimen no Pre-stress (MPa) Incident 
energy (J)

Reflected 
energy (J)

Transmitted 
energy (J)

Absorbed 
energy (J)

A15-D2-3 7.7 85.2 41.9 13.4 29.7
A15-D4-3 15.4 85.2 35.1 13.1 36.9
A15-D6-3 23.1 82.2 33.3 10.4 38.4
A15-D8-3 30.9 68.0 26.9 6.9 34.0
A30-D2-3 7.6 72.0 38.1 12.4 21.5
A30-D4-3 15.3 58.7 25.0 13.3 20.4
A30-D6-3 23.0 63.1 24.9 8.5 29.5
A30-D8-3 30.6 71.9 28.9 7.7 35.4
A45-D2-3 7.5 92.0 63.3 11.4 17.3
A45-D4-3 15.1 78.6 49.2 7.9 21.5
A45-D6-3 22.7 89.3 42.7 11.0 35.6
A45-D8-3 30.3 82.8 41.7 5.33 35.6
A60-D2-3 7.8 83.6 30.0 20.9 32.6
A60-D4-3 15.7 85.3 31.1 15.7 38.5
A60-D6-3 23.9 90.4 30.6 15.4 44.4
A60-D8-3 31.3 85.5 30.2 11.4 43.9

Fig. 15  Influences of pre-stress ratio and flaw inclination angle on the energy utilization efficiency and the energy dissipation density with the 
fixed strain rate around 45/s
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issues related to the new crack type classification and the 
novel energy calculation method are discussed below.

In previous studies by Zhang and Wong (2014), the 
DTL method was first introduced to identify the cracking 
mechanism of flawed rock based on DEM simulations, and 
three crack types were proposed (Fig. 16) based on the 
observation of some simulation results. As the geometry of 
fabricated flaws and loading condition become more com-
plex, more new crack types and coalescence patterns may 
occur in experiments or simulations, which is beyond the 
scope of existing crack classifications (Zhang and Wong 
2013b). With the aid of high-speed photography and DIC 
technique, the DTL method is further extended to labora-
tory flawed rock tests. A novel crack classification includ-
ing eight crack types is thus proposed in this study. In fact, 
our crack type classification is a new development of pre-
vious crack classification by Zhang and Wong (2014). Our 
crack type classification method is based on distinguishing 
basic fracture nature of cracks (i.e., tension and shear), and 
thus, this novel crack type classification is more universal. 
The existing three crack types (Fig. 16) are included in the 
new eight crack types: DF_I corresponding to DT crack, 
DF_II corresponding to TS2 crack and DF_III correspond-
ing to DS crack. The rest five crack types (i.e., RT crack, 
RS crack, TS1 crack, CS1 crack and CS2 crack) are newly 
developed. As detailed in Sect. 3.3.1, our crack type clas-
sification method is developed based on the quantitative 
description of the displacement field and DTLs. As long 
as DIC technique is used during laboratory experiments, 
for rock specimens with different flaw configurations under 
different loading conditions, our crack type classification 
method is reliable and applicable for characterizing the 
crack fracture mechanism.

To further verify our proposed crack type classification 
method, the cracking mechanism of a typical single-flawed 

45° specimen under dynamic loading is analyzed and com-
pared with previous studies by Zou and Wong (2014). 
Figure 17a–d shows the horizontal displacement, vertical 
displacement, maximal principle strain filed and macro-
crack trajectories near peak stress. It can be found that 
the anti-wing cracks and coplanar shear cracks dominate 
the failure and the failure is “X” shaped mixed failure 
mode. Similar crack propagation and failure pattern also 
have been observed by Zou and Wong (2014) as show in 
Fig. 17e. Using the novel crack classification method, these 
four cracks are identified as TS2 cracks and CS2 cracks 
(Fig. 17f). Based on the analysis in Sect. 3.3.1, the nature 
of these two crack types are mixed cracking and thus the 
failure of the specimen is considered to be dominated by 
mixed fracture, which is similar to the conclusions by Zou 
and Wong (2014).

For the traditional SHPB tests, energy partitions related to 
the three stress waves can be determined by Eq. (12) (Song 
and Chen 2006; Zhang et al. 2000):

Compared with the traditional energy calculation formula 
(i.e., Eq. 12), the new developed energy calculation formula 
(i.e., Eq. 8) considers the elastic strain energy caused by 
the axial pre-stress in the elastic bars. The basic reason for 
the difference between Eqs. (8) and (12) is that, when cal-
culating the elastic strain energy, the starting point for the 
integral in Eq. (6) is the pre-strain εpre rather than 0. It is 
widely acknowledged that the elastic strain energy is closely 

(12)

Wi = Ki + Ui = cbAbEb ∫
t

0

�2
i
d�,
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�2
r
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Wt = Kt + Ut = cbAbEb ∫
t

0

�2
t
d�.

Fig. 16  Three crack types 
defined by Zhang and Wong 
(2014): a type I displacement 
field (DF_I); b type II displace-
ment field (DF_II); c type III 
displacement field (DF_III)
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related to the stress state of materials. Thus, the elastic strain 
energy in the bars shall be affected by the axial pre-stress in 
the coupled static–dynamic SHPB tests. Blindly applying 
the traditional SHPB energy calculation formula to coupled 
static–dynamic SHPB tests may lead to unreliable results. In 
this study, the energy values calculated by the new formula 
are listed in Tables 4 and 5. The absorbed energy increases 
with increasing incident energy, and this trend is similar 
to that observed by Zhou et al. (2020a, b). From Tables 4 
and 5, it can be clearly found that all the absorbed energy 
values calculated by the new formula are positive in this 

study. However, the absorbed energy values calculated by 
Zhou et al. (2020a, b) using the traditional formula may 
be negative under relative high pre-compression stresses. 
From the viewpoint of energy conservation of rock speci-
men, it is impossible for the rock specimen to feature nega-
tive values of absorbed energy, considering that the failure 
of rocks is inevitably accompanied with energy consump-
tion. Therefore, the influence of axial pre-compression stress 
on the energy evolution must be considered in the coupled 
static–dynamic SHPB tests, otherwise the experimental 
results may be controversial.

Fig. 17  Validation of the novel crack classification using a 45° single-
flawed rock specimen under dynamic loading: a horizontal displace-
ment filed; b vertical displacement filed; c maximal principle strain 

filed; d macro-crack trajectories; e cracking pattern observed by Zou 
and Wong (2014); f new cracking analysis using DTLs method
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5  Conclusions

In this study, multi-flawed rock specimens with different 
inclination angles are tested under coupled static–dynamic 
compression loading using the SHPB system modified with 
an axial confinement unit. Using high-speed photography 
and DIC technique, the progressive cracking processes of 
multi-flawed rock specimens are captured and analyzed. This 
study highlights the comprehensive effects of flaw inclina-
tion angel, pre-stress ratio and strain rate on the dynamic 
properties of multi-flawed rocks, regarding dynamic 
strength, progressive cracking behaviors and energy dissi-
pation characteristics, under coupled static–dynamic com-
pression loading. Main conclusions are drawn as follows.

1. The dynamic/total strength of the multi-flawed rocks 
increases with the increase of strain rate, showing evi-
dent rate-dependence. With the flaw inclination angle 
increasing from 15° to 60°, the dynamic/total strength 
first decreases then increases with the minimum 
achieved at inclination angle around 45°. In addition, 
with the increase of pre-stress ratios from 0.2 to 0.8, 
the dynamic strength persistently decreases. However, 
the total strength initially increases and subsequently 
decreases with the maximum achieved at pre-stress ratio 
of 0.6.

2. By virtual of high-speed photography and DIC tech-
nique, strain fields and displacement fields of rock 
specimens are visualized. Based on displacement trend 
lines method, a novel crack type classification method 
is developed to analyze the progressive cracking behav-
iors and failure mechanism of multi-flawed rocks under 
impact loading. This novel crack type classification is 
proved to be a universal and reliable method to identify 
the cracking mechanism of different flawed rock speci-
mens under various loading conditions.

3. The pre-stress ratio and flaw inclination angle com-
prehensively affect the progressive cracking behaviors 
of multi-flawed rocks. For a given pre-stress ratio, the 
failure mechanism transforms from tensile-shear crack-
ing dominated to compress-shear cracking dominated 
with increasing flaw inclination angle from 15° to 60°. 
With increasing pre-stress ratio from 0.2 to 0.8, the shear 
cracking become more predominant under lower flaw 
inclination angles while tensile cracking becomes more 
prominent under higher flaw inclination angles.

4. Energy evolutions for coupled static–dynamic SHPB 
tests are re-evaluated and a novel energy calculation 
formula is proposed to analyze the energy character-
istics. For a fixed pre-stress ratio, the increasing strain 
rate reduces the energy utilization efficiency while pro-
motes the energy dissipation density. For a given strain 

rate, both the energy dissipation density and energy uti-
lization efficiency increases with increasing pre-stress 
ratio. Additionally, all rock specimens feature positive 
absorbed energy values in the coupled static–dynamic 
compression tests.
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