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Abstract
In waterway regulation engineering, submerged reefs are quite susceptible to the repetitive oblique strike from drop ham-
mer and impact drilling, leading to a repetitive compression–shear impacting. Understanding the dynamic responses and 
failure mechanism of saturated rocks subjected to repetitive compression–shear impacting is thus of great significance for the 
efficient removal of submerged reefs. In this study, using the split Hopkinson pressure bar (SHPB) apparatus, the repetitive 
compression–shear impacting tests were conducted on the saturated and dry sandstone specimen from the harbor excava-
tion project in Guoyuan Port (Chongqing, China). Our experimental results indicate that the increasing loading rate or shear 
component in the dynamic loading has a negative influence on the bearing capacity of saturated sandstone subjected to 
repetitive impacting. The deformability of saturated rocks increases as the impacting number or the shear component in the 
dynamic loading. The energy absorption ability as well as the energy utilization of the saturated rocks is highly improved by 
implementing repetitive compression–shear impacting, and such improvement yields an ascension limit with the increasing 
shear component in the dynamic loading. As the shear component introduces into the repetitive impacting loading, the fail-
ure patterns of rocks change from the relative tensile mode with a large deformation band along the loading direction to the 
combined compression–shear mode with two parallel large deformation bands inclined to the loading direction, the water 
content between the mineral grains promotes the shear failure in rock dynamic testing. These results can provide a better 
understanding of the dynamic responses and failure properties of saturated rocks subjected to repetitive compression–shear 
impacting.

Highlights

• Illustrated influences of repetitive compression–shear impacting on the bearing capacity and deformability of saturated 
and dry rocks.

• Investigated energy dissipation of saturated and dry rocks under repetitive combined compression–shear impacting.
• Revealed failure patterns of saturated and dry rocks under repetitive combined compression–shear impacting.
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1 Introduction

Inland waterways are developing rapidly to meet the increas-
ing demand for waterway transportation (Bu and Nachtmann 
2021) due to their natural advantage, including the large 
transport capacity (Gharehgozli and Zaerpour 2018), low 
transportation cost (Fazi et al. 2015), less land occupation, 
low energy consumption (Bomba and Harrison 2002) and 
environmentally friendly (Zweers et al. 2019). However, 
many waterways have an urgent need for improving their 
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navigation capacity and conditions to ensure the safety 
of enlarging ships, and then millions of submerged reefs 
are planned to be removed to broaden and deepen such 
waterways. Considering the environmental protection, the 
mechanical methods to break rocks are generally employed 
in the waterway regulation projects, such as the drop ham-
mer and impact drilling (Ali and Mohammed 2021), in 
which the submerged reefs are commonly subjected to repet-
itive impacting. Moreover, the oblique strike of impacting 
loading and the unpredictable structural surfaces in the rock 
masses result in a complicated compression–shear loading 
path (Xu and Dai 2018; Du et al. 2020; Wang et al. 2019 and 
Dai et al. 2022). Thus, understanding the dynamic responses 
and failure behaviors of saturated rocks subjected to repeti-
tive compression–shear impacting is of great significance 
to provide theoretical support for the mechanical removal 
of submerged reefs.

Submerged reefs are in saturated state, and the moisture 
content significantly affects the strength and deformation 
characteristics of rocks. Investigations on the mechani-
cal responses and failure behavior of saturated rocks are 
receiving increasing attention from scholars. Many efforts 
have been made to reveal the strength and deformation 
characteristics of saturated rocks by conducting the quasi-
static uniaxial compressive tests (Broch 1979; Baud et al. 
2000; Talesnick and Shehadeh 2007; Erguler and Ulusay 
2009; Yilmaz 2010). Hawkins and Mcconnell (1992) first 
found that the difference between the uniaxial compressive 
strength of dry and saturated sandstone is 78%, and moisture 
content sensitivities are dominant influenced by the propor-
tion of quartz and clay minerals in such clay-rich Cretaceous 
Greensand. The Brazilian tensile strength of limestone in 
case of dry and water-saturated conditions has been furtherly 
investigated by Vásárhelyi (2005) and Vásárhelyi and Ván 
2006), and similar result has been observed. Moreover, the 
deformability of water-bearing rocks has been fully studied 
by conducing numerous experimental tests (Li et al. 2012; 
Wong et al. 2016; Zhou et al. 2016a, 2016b, 2017). They 
found that its peak cohesion increased by about 14% and 
the friction angle decreased by 10% as the moisture state of 
the specimen changed from dry to wet. From the above, as 
the moisture content in the rocks increases, the reduction 
of strength is found to be induced by the decreasing fric-
tion angle, while the increase of deformability is bound up 
with both the reduction of Young's modulus and increase of 
Poisson's ratio.

For the mechanical rock breaking in the waterway regu-
lation projects, the submerged reefs are likely subjected to 
repetitive impacting from the drop hammer and impact drill-
ing. Some researchers have paid attention to the mechani-
cal behavior of rocks under repetitive impact loading. Li 
et al. (2005) conducted repeated impact tests on granite 
employing a split Hopkinson pressure bar (SHPB) system; 

they reported that the peak stress of the dynamic loads with 
a fixed duration has a significant influence on the damage 
of granite. For the energy dissipation, Li et al. (2018a, b) 
further found that the cumulative energy per unit volume 
(energy density) of rocks exhibited obvious three-stage evo-
lution during the repeated impact loading tests. For the con-
stitutive models of rocks under repetitive impacting, Tong 
et al. (2019) observed evident nonlinear dynamic responses 
and significant plastic deformation of rock specimen, and 
they accurately characterized the stress–strain curves of 
rocks under repetitive impacting using a nonlinear granular 
model (Johnson and Jia 2005). Moreover, the impact fatigue 
behaviors of laterally confined rocks have been investigated 
by Wu et al. (2014) and Luo et al. (2016), and the dynamic 
statistical damage constitutive model based on Weibull dis-
tribution has been developed by Wang et al. (2021). How-
ever, the dynamic disturbance in such investigations is pure 
compressive loading rather than the commonly encountered 
compression–shear impacting in the engineering projects.

The dynamic compression–shear responses of rocks have 
been revealed by some scholars using a specific SHPB appa-
ratus, which has been modified in two ways: (I) employing 
an incident bar with a wedge-shaped end as well as two sym-
metrically distributed transmitted bars (Zhao et al. 2012), 
and (II) adding two cushions with designed beveled sur-
faces between the bar-specimen interfaces (Hou et al. 2011, 
2019; Zhao et al 2011; Xu et al. 2015). They found that 
the bearing capacity, deformation properties, and fracture 
patterns of rocks are highly dependent on the shear com-
ponent in the dynamic loading. Such methods are compli-
cated and costly. Recently, Xu and Dai (2018) provided a 
more convenient way, the inclined specimens, to realize the 
compression–shear impacting in rock dynamic testing, and 
later introduced it into the coupled static–dynamic tests (Xu 
et al. 2020, 2021) and triaxial dynamic tests (Du et al. 2020, 
2021) to reveal the combined dynamic compression–shear 
responses and failure properties of rocks in the underground 
engineering. They found that the shear component in the 
dynamic loading reduces the bearing capacity of statically 
pressurized rocks, and the failure mechanism is quite dif-
ferent from that subjected to pure dynamic compressive 
loading.

In the mechanical rock breaking in the waterway regula-
tion projects, the submerged reefs are in saturated state and 
commonly subjected to repetitive oblique impacting. Thus, 
the dynamic response and failure behavior of saturated rocks 
under repetitive compression–shear impacting has an urgent 
need to be investigated. In this study, using the SHPB appa-
ratus, the repetitive impacting tests are conducted on the 
saturated sandstone specimen (from the harbor excavation 
project in Guoyuan Port, Chongqing, China) with different 
tilting angles of 0°, 3°, 5°, and 7° at the loading rates of 700, 
950, and 1200GPa/s. The dynamic mechanical responses 
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and failure mechanism of saturated sandstone under repeti-
tive combined compression–shear impacting are system-
atically analyzed, including bearing capacity, deformation 
properties, energy dissipation, and failure patterns. Section 2 
presents the testing apparatus, data processing methods, 
and preparation of rock specimens. Section 3 presents the 
experimental results, including dynamic stress equilibrium, 
strength and deformation characteristics, energy dissipation, 
and failure patterns. Section 4 concludes this study.

2  Methods and Materials

2.1  Testing Apparatus

The split Hopkinson pressure bar system is a standard and 
widely used testing apparatus for characterizing the mechani-
cal behavior of materials under high loading rates (Zhou et al. 
2012; Du et al. 2018; Xiao et al. 2019; Feng et al. 2021). In this 
study, the SHPB was utilized to apply the dynamic loading, 
and its schematic diagram and photograph are shown in Fig. 1. 
This apparatus mainly consists of striker, incident, and trans-
mitted bar, whose diameter is 50 mm and lengths are 0.3 m, 
3 m, and 2 m, respectively. These three bars are made of ultra-
high strength steel, whose density ( � ) and Young’s modulus 
( Eb ) are 7800 kg/m3 and 221 GPa, respectively. With the help 
of the locating device, the specimen coated with lubricant at 

both ends was installed between the incident and transmit-
ted bars before each impact. Furthermore, a piece copper disk 
15 mm in diameter and 3 mm in thickness was mounted on 
the free end of the incident bar serving as the pulse shaper, 
which mitigated the rising front and eliminated the high-fre-
quency oscillation of the incident stress wave to facilitate the 
dynamic stress equilibrium in the specimen (Frew et al. 2002). 
The compressed air stored in the pressure tank was released to 
launch the strike, which imposed on the shaper to generate a 
ramped compressive wave ( �i ) propagating in the incident bar. 
When the stress wave arrives at the interface between the bars 
and specimen, part of it is reflected into the incident bar form-
ing the reflected wave ( �r ), and the transmission part forms 
transmitted wave ( �t ) propagating in the transmitted bar. In 
addition, the three stress waves were monitored by the strain 
gages adhered to the middle position of bars, and the forces 
applied on the two ends of the specimen can be deduced from 
the strain signals according to an appropriate wave theory 
(Kolsky 1949). The force on the incident end of the specimen 
( P1 ) can be derived from the superposition of` incident and 
reflected stress waves, and the force on the transmitted end of 
the specimen ( P2 ) can be represented by the transmitted wave.

where Ab is the cross-sectional area of bars. Once the 
dynamic force balance was satisfied ( P1 = P2 ), the dynamic 

(1)P1 = AbEb(�i + �r); P2 = AbEb�t,
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Fig. 1  The schematic diagram and photograph of split Hopkinson pressure bar (SHPB)
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stress and strain of the specimen can be calculated (Zhou 
et al. 2012).

where C is the P-wave velocity of the steel bar, and L is 
the length of the specimen, and A0 denotes the contact area 
between specimen and bar.

In the conventional SHPB tests, the incident ( Wi ), 
reflected ( Wr ) and transmitted ( Wt ) energies can be deduced 
by the following formula (Hong et al. 2009; You et al. 2022 
and Li et al. 2019):

According to the first law of thermodynamics, the total 
energy absorbed by the specimen ( Wa ) can be calculated:

This absorbed energy was mainly utilized for the initia-
tion, coalescence, and propagation of cracks, and a minor 
part was dissipated in other forms, such as thermal energy 
and radiation energy, which can be ignored in the experi-
ment. Due to the machining tolerance and size difference 
of these specimens, the dissipation energy per unit volume 
(i.e., the energy density, Wv ) and the energy utilization ( � ) 
were employed to reveal the relative magnitude of dissipa-
tion energy:

2.2  Specimens and Materials

In this study, the tested specimen is saturated sandstone 
extracted from the Harbor Excavation Project in Guoyuan 
Port located in Chongqing, China (shown in Fig. 2). Accord-
ing to the suggested method for the rock dynamic compres-
sion test developed by the International Society for Rock 
Mechanics (ISRM), the rock mass was sliced into cuboid 
specimens with the same side length of 30 mm, while the 
heights of specimens are 31, 32, 33 and 34 mm, respec-
tively. Then, both ends of these specimens were polished 

(2)
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to form different tilting angles of 0º, 3º, 5º, and 7º (i.e., the 
angle between the axial of the specimen and the dynamic 
loading direction). Moreover, the flatness and parallelism 
deviations of the specimen ends are limited to 0.05 mm and 
0.1º, respectively. A total of 24 specimens were prepared 
for the repetitive compression–shear impacting tests. The 
static compression tests are conducted on 0º, 3º, 5º, and 7º 
specimens using the MTS-810 system in Chongqing Jiao-
tong University, and the stress–strain curves are illustrated 
in Fig. 3. Table 1 lists the essential physical and mechani-
cal parameters of saturated sandstone under static coupled 
compression–shear loading.

In addition, an optical full-field strain mapping technique, 
the digital image correlation (DIC), has been employed to 
reveal the failure process of saturated rocks subjected to 
repetitive compression–shear impact loading. For a high 
calculation accuracy, the surface of the specimen (i.e., the 
region of interest) was first painted with a white base coat 
and subsequently sprayed a contrasting random speckle 
pattern. The photograph of the painted surface after each 
impact was captured using the high-speed camera, and the 
movement of speckles and the full-field strain of this surface 
can be calculated using an open-source DIC algorithm (Yan 
et al. 2020). Subsequently, the failure process and failure pat-
terns of saturated rock under repetitive compression–shear 
impacting can be illustrated.

3  Results and Discussion

3.1  Dynamic Stress Equilibrium

Before the data processing, the fundamental assumption of 
the rock dynamic test should be verified, i.e., the dynamic 
stress balance of the specimen. Figure 4 demonstrated the 
dynamic stress evolution of the 0° specimen under the load-
ing rate of ~ 950 GPa/s at different impact numbers, where 
I, R, and T stand for the incident, reflected, and transmitted 
stress wave, respectively. The superposition of incident and 
reflected stress waves was represented by I + R. The stress in 
the incident end of the specimen is consistent with that on 
the transmitted end during the dynamic loading stage. For a 
better evaluation on the dynamic stress equilibrium, the 
dynamic stress equilibrium coefficient (i.e.,�= 2(P1−P2)

P1+P2

 ) has 
been introduced in this study, and the time variation of μ was 
demonstrated using the dotted line. After a fluctuation at the 
initial stage, the equilibrium coefficient undulates around 
zero with the amplitudes smaller than the fluctuation thresh-
old, indicating that the dynamic stress equilibrium of 0° 
specimen under repetitive impacting was achieved. Similar 
evolution for 7° specimen under the loading rate of ~ 700 
GPa/s can be observed in Fig. 5. These results suggest that 
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the dynamic stress equilibrium of the saturated rock speci-
men subjected to repetitive compression–shear impacting 
can be finely satisfied and the data processing method in 
Sect. 2.1 can be used in this study.

3.2  Strength and Deformation Characteristics

Figures 6, 7 and 8 exhibit the dynamic stress–strain curves 
of saturated sandstone specimens with different tilting angles 
subjected to repetitive impacting at the loading rates of 700, 
950, and 1200 GPa/s, respectively. Initially, stress–strain 
curves for the same tilting angle but different impact num-
bers experience a short concave upward increasing, which 
is followed by linear increasing parts with different slopes. 
Note that the slopes of linear parts increase for the first sev-
eral impacts and then decrease with the continuously impact, 
especially for the final several impacts. Subsequently, the 
stress–strain curves experience a short nonlinear increas-
ing period to the peak values (i.e., peak stress), which is 
commonly employed to represent the bearing capacity of 

Fig. 2  Harbor Excavation Project in Guoyuan Port (Chongqing, China) and the prepared sandstone specimens

Fig. 3  The stress–strain curves of saturated sandstone specimen under 
static coupled compression–shear loading
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the rock specimen, and the corresponding dynamic strain 
is likely defined as peak strain. For the unloading stage, 
the stress first decreased with an increasing strain and fin-
ished by a decreasing with a decreasing strain due to the 
rebound effect. As the repetitive impacting, the rebound 
effect became more inconspicuous, and the specimen lost 
its bearing capacity after several impacts.

Figure 9 shows the total impact number of saturated 
and dry 0°, 3°, 5°, and 7° specimen under different load-
ing rates. For the specimen with different tilting angles, the 
repetitive impact number decrease significantly as the load-
ing rate increases from 700 to 1200 GPa/s, indicating that 
the increasing loading rate has a negative influence on the 

endurance of saturated sandstone subjected to the repetitive 
compression–shear impacting. Furthermore, the inclination 
angle of the specimen is inversely proportional to the total 
impact number, and this phenomenon suggests that the bear-
ing capacity of sandstone under impacting loading decreases 
with the increasing shear composition in the dynamic load-
ing. The bearing capacity of sandstone reduces as the water 
content in the specimen changed from dry condition to satu-
rated condition, and the decrement decreases for a higher 
loading rate or larger tilting angle. It can thus be concluded 
that the weakened effect of water content on the endurance 
of sandstone is severely suppressed by the increasing shear 

Table 1  Some static essential 
physical and mechanical 
parameters of saturated 
sandstone under coupled 
compression–shear loading

Tilting 
angle (°)

Density (kg/m3) Water content Peak stress (MPa) Peak strain (%) Deformation 
modulus (GPa)

0 2381 4.38% 81.50 1.41 7.24
3 73.99 1.45 6.54
5 65.65 1.47 6.25
7 57.88 1.56 5.58

(a) (b)

(c) (d)

Fig. 4  Dynamic stress equilibrium of 0° specimen under the loading rate of ~ 950 GPa/s at a 1st impact, b 4th impact, c 7th impact and d 11th 
impact
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composition in dynamic loading and the increasing loading 
rate.

Figures 10 and 11 plot the dynamic peak stress and peak 
strain of saturated and dry inclined specimens under repeti-
tive impacting at the loading rate of ~ 700, ~ 950, and ~ 1200 
GPa/s, respectively. The peak stresses are almost 1.5 times 
larger than these in static tests (Table 1). The dynamic peak 
stresses of dry specimen under repetitive impacting are much 
larger than those of saturated specimen, and such dispar-
ity decreases as the shear composition in dynamic loading 
increases. As the impact number increases, the peak stress 
of rock first increases slightly, then almost remains constant, 
and decreases rapidly in the final several impacts. It implies 
that both saturated and dry rocks were first compacted by 
the repetitive impacting loading, and then experienced a 
stable damage process, followed by an accelerated dam-
age process. For a given loading rate, the strength envelope 
shrinks inward as the tilting angle of the specimen increases, 
suggesting that the dynamic peak stress decreases with the 
increasing tilting angle of the specimen, and the decre-
ment is more obvious in the lower loading rate condition. 
This indicates that the bearing capacity of saturated rocks 

is reduced by the shear component in the dynamic repeti-
tive impacting. Thus, the dynamic shear loading should be 
introduced in the repetitive impacting for a better mechanical 
rock breaking in the waterway regulation, and the oblique 
strike of the drop hammer and impact drilling might be an 
effective means for the realization of repetitive compres-
sion–shear impacting.

As shown in Fig. 11, the peak strain of saturated and 
dry inclined specimens under repetitive impacting slightly 
decreases at the first several impacts due to the compaction 
effect, and then the peak strain increases stably to the fail-
ure stage. For an approximate loading rate, the peak strain 
increases as the tilting angle of the specimen increases. Fig-
ure 12 demonstrated the dynamic deformation modulus of 
saturated and dry rocks (determined from the linear port 
of the dynamic stress–strain curves of 0° specimens) under 
repetitive impacting at the different loading rates, which are 
almost three times larger than these in static tests (Table 1) 
possibly due to the inertial effect. Similarly, the dynamic 
Young’s modulus increases at the first several impacts due 
to the compaction effect, and then experienced a slight 
decrease stage to the rapid decrease stage, indicating that 

(a) (b)

(c) (d)

Fig. 5  Dynamic stress equilibrium of 7° specimen under the loading rate of ~ 700 GPa/s at a 1st impact, b 3rd impact, c 6th impact and d 9th 
impact
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the specimen suffered irreversible damage due to the repeti-
tive impacts. The dry samples yield a higher modulus than 
the saturated ones, and the water content in the specimen 
has a softening effect on rocks. The modulus seems to be 
constant under different loading rates for both saturated and 
dry conditions, and it means that the Young’s modulus of 
sandstone subjected to repetitive compression–shear impact-
ing is not sensitive to loading rates.

Sandstone consists of mineral grains and cement between 
grains. For saturated rocks, several physical and chemical 
reactions (Cai et al. 2020; Wasantha et al. 2018) would take 
place inner the minerals and cement, resulting the increas-
ingly loose of rock structures and the gradually weakening 
of grains cementation. Besides, the free water decreases the 
friction between the grains (Cai et al. 2019; Kawai et al. 
2015), and further promotes the slide of cracks. The above 
two points make a large contribution to the reduction of the 
strength of saturated rocks compared with that of dry rocks. 
In the dynamic tests (Fig. 13a), the initiation and propaga-
tion of rock fractures can be delayed by the viscous behavior 

of free water between the grains, including the flowing three 
parts: (1) �1 , resisting stress induced by the meniscus effect 
(Rossi 1991 and Wang et al. 2009), as shown in Fig. 13a, 
the free water fails to get to the new-formed cracks during 
dynamic loading, where a meniscus is formed to provide the 
resisting stress; (2) �2 , resisting stress induced by the Stefan 
effect (Zheng and Li 2004), which can be graphically inter-
preted in Fig. 13c. The free water between the two plates 
would provide such resisting stress, when the vertically 
relative motion happens on the two plates. (3) �3 , resist-
ing stress induced by Newton inner friction effect (Franzini 
1975), which can be graphically interpreted in Fig. 13d. the 
water between the two plates would produce another resist-
ing stress, when parallelly relative motion happens on the 
two plates. In the repetitive impacting tests (Fig. 13b), the 
free water in the specimen can diffuse to the new-formed 
crack tips after each impact. After the external loading, the 
free water between the grains leads to the pore water pres-
sure (crack splitting stress, �4 ), which further promotes the 
crack propagation and decreases the compressive strength 

(a) (b)

(c) (d)

23
22

21
209

6

15
14
13

1198
7 65

11
10

98
76

10
9

876
543

Fig. 6  Stress–strain curves of a 0°, b 3°, c 5° and d 7° specimen under the dynamic loading rate of ~ 700 GPa/s
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of rock. Subsequently, the meniscus effect ( �1 ) should be 
ignored considering that the free water can get to the crack 
tips. Comparing with the single impacting tests, the Stefan 
effect and Newton inner friction effect in repetitive impact-
ing tests is much smaller due to the much lower relative 
velocities of the two plates in both the vertical and parallel 
directions.

3.3  Energy Dissipation

The dynamic energy dissipation of the saturated and dry 
specimen under repetitive compression–shear impacting 
is analyzed in this section. As shown in Fig. 14, the con-
cerned energy evolutions at the 11th and final impacts at 
the loading rate of ~ 950 GPa/s are employed to evaluate 
the energy dissipation of the saturated and dry 0° specimen. 
Upon the arrival of the incident wave at the bar–specimen 
interface, the incident energy was divided into three parts: 
(i) the main part reflected into the incident bar forming the 
reflected energy; (ii) after several microseconds, the stress 

wave propagated at the transmitted end of the specimen, and 
the part of the energy stored in the specimen was released 
forming the transmitted energy; and (iii) the and the rest 
absorbed by the specimen forming the absorbed energy. 
From the dynamic loading applied on the specimen, the evo-
lution curves of reflected energy, the absorbed energy, and 
the transmitted energy rise up successively, and the slowing 
growth of the reflected energy and absorbed energy acceler-
ated the growth of transmitted energy. It is worth noting that 
the absorbed energy decreases obviously after its peak value, 
and the slope of the curve for incident energy also decreases. 
This phenomenon is believed to be a significant result of 
the rebound effect, and the insufficient input energy in the 
specimen is not enough to offset the releasing elastic energy. 
In the final impact, the evolution of absorbed energy almost 
remains constant after a monotonously increased process.

The reflected, transmitted, and absorbed energies were 
normalized by the incident energy to analyze the energy 
dissipation of saturated rocks under repetitive impacting. 
Figures 15a, b depict the representative energy evolution 
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Fig. 7  Stress–strain curves of a 0°, b 3°, c 5° and d 7° specimen under the dynamic loading rate of ~ 950 GPa/s
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curves versus impact number of the saturated and dry 0° 
specimen at the loading rate of ~ 950 GPa/s. In both water 
content conditions, a large part of the incident energy is 
reflected back to the bar and transmitted through the speci-
men, for example, in the sixth impact, the transmitted energy 
and reflected energy account for 75% and 21%, respectively. 
A small portion of the energy (less than 10%) is absorbed 
by the specimen for the microscopic damage and the mac-
rocrack propagation, especially in the middle of several 
impacts. The absorbed energy proportion of dry rocks is 
much smaller than these of saturated rocks, which indi-
cates that the endurance capacity of dry rocks is higher than 
the saturated ones. The incident energy of saturated rocks 
under repetitive impacting mainly dissipates by the reflected 
energy and transmitted energy, and a minor part is absorbed 
by the specimen. Thus, we can imply that, in the mechani-
cal rocks breaking of the waterway regulation projects, the 
incident energy from the drop hammer or impact drilling is 
mainly dissipated in the form of seismic waves expanding 
outward and reflected stress wave propagating back to the 
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(a) (b)

(c) (d)

Fig. 8  Stress–strain curves of a 0°, b 3°, c 5° and d 7° specimen under the dynamic loading rate of ~ 1200 GPa/s

Fig. 9  Impact number of saturated and dry 0°, 3°, 5°, and 7° speci-
men under different loading rates
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hammer, rather than consumed by the crack generation and 
propagation in the submerged reefs. Figure 15c, d demon-
strates the energy density and cumulative energy density 
against the impact number of saturated and dry rocks. Simi-
lar to Li et al. (2018a, b), the energy density varying with the 
impacting numbers can be divided into three stages: (i) the 
energy density decreases as the impact number increases at 
the first several impacts, and the cumulative energy density 
increases slowly; (ii) the energy density fluctuates around 
0.06 J/cm3 with minor amplitude, and the cumulative energy 
density quasi-linearly increases; and (iii) the energy density 
exhibits a significant increase at the final several impacts, 
and the cumulative energy density increases rapidly. The 
cumulative energy density of dry rocks is larger than that of 
saturated rocks, which suggests that more energy would be 
consumed for the rock breaking in dry condition.

To investigate the effect of shear composition in the 
dynamic impacting on the energy dissipation of saturated 
and dry inclined rock specimens, the energy utilization 

varying with impact number is plotted in Fig. 16. A similar 
trend for the energy utilization of specimens with different 
tilting angles against the impact number was observed, 
and it decreases at the first several impacts and sharply 
increases at the final several impacts. As the tilting angle 
of the specimen increases, the energy utilization of satu-
rated rocks under repetitive impacting exhibits a rapid 
increase from less than 10% for the 0° specimen to more 
than 20% for 7° inclined specimen. It is worth noting that 
the increment of energy utilization obviously decreases 
as the tilting angle increases, and exemplar of the 5° 
specimen is in accordance with that of the 7° specimen. 
We can imply that the energy utilization improvement of 
saturated rocks under repetitive impacting by increasing 
the shear/compressive ratio of the dynamic loading yields 
an ascension limit. For a higher energy utilization in the 
mechanical rock breaking of the waterway regulation pro-
jects, the oblique strike of the drop hammer or impact 
drilling should be implemented, and the 5° or 7° tilting 
angle might be the optimal.

(a) (b)

(c)

(a) The  peak stress varying with impacting times 
 at the loading rate of ~1200 GPa/s 

(b) The  peak stress varying with impacting times 
 at the loading rate of ~950 GPa/s

(c) The  peak stress varying with impacting times 
 at the loading rate of ~700 GPa/s

Fig. 10  Dynamic peak stress of the saturated and dry inclined specimen under repetitive impacting at the different loading rates
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3.4  Failure Patterns

To investigate the effect of the repetitive compression–shear 
impacting on the failure patterns of saturated and dry rocks, 
the photographs of specimens with tilting angles of 0° and 5° 
after several impacts were compared in Fig. 17, in which the 
full-field strain of the specimen surface is calculated using 
the open-source DIC algorithm (Zhang et al. 2022). For the 
cubical specimen (0°) in dry and saturated conditions, the 
strain was first concentrated on the transmitted end of the 
specimen and then propagated to the incident end, form-
ing a large deformation band along the loading direction. 
According to the crack types defined by Liu et al. (2018), 
Yan et al. (2021) and Liu and Dai (2021), the right cuboid 
specimens show an evident splitting failure along the load-
ing direction in both saturated and dry conditions. For the 
inclined specimen in dry condition, it is observable that the 
rock specimen feature the mixed failure mode of tensile and 
shear failure with a single shear band, and the shear failure 
mode becomes more dominant with increasing the tilting 

(a) (b)

(c)

(a) The  peak strain varying with impacting times 
 at the loading rate of ~1200 GPa/s 

(b) The  peak strain varying with impacting times 
 at the loading rate of ~950 GPa/s

(c) The  peak strain varying with impacting times 
 at the loading rate of ~700 GPa/s

Fig. 11  Dynamic peak strain of the saturated and dry inclined specimen under repetitive impacting at the different loading rates

Fig. 12  Dynamic Young’s modulus of saturated and dry sandstone 
under repetitive impacting at the different loading rates
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ing rate of ~ 950 GPa/s
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angle. For the inclined specimen in saturated condition, the 
strain was first concentrated on the two obtuse corners of the 
specimen and then propagated to another end of the speci-
men, forming two parallel large deformation bands with a 

large tilting angle to the loading direction. Thus, the failure 
patterns of rocks change from the relative tensile mode to the 
combined compression–shear mode as the shear component 
is introduced into the impact loading, and the water content 
between the mineral grains promotes the shear failure in 
rock dynamic testing. Besides, this might be the deep reason 
for the improvement of the energy utilization and the weak-
ness of the bearing capacity as the shear/compressive ratio 
increases.

For a better understanding of the failure mechanism of 
dry and saturated rocks under static and dynamic loading 
conditions, the optical microscopic morphologies from 
scanning electron microscope (SEM) have been shown in 
Fig. 18, in which TG and IG represent the trans-granular 
and inter-granular fractures, respectively. More IG frac-
tures could be observed on the fracture surface as the rocks 
change from dry into saturated condition in both the static 
and dynamic tests, and this indicates that the TG fractur-
ing is suppressed in saturated samples but the IG dilation 
is the dominant deformation mechanism. As the loading 
changed from static into dynamic condition, more TG frac-
tures on the fracture surface can be observed. It suggests 
that the TG fracturing is promoted by the dynamic loading, 
and the TG as well as IG crack shares the responsibility for 
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Fig. 15  Energy partition and density varying with impact number of saturated and dry 0° specimens at the loading rate of ~ 950 GPa/s

Fig. 16  Energy utilization varying with impact number of the satu-
rated and dry inclined specimens at the loading rate of ~ 950 GPa/s



4711Dynamic Responses and Failure Behaviors of Saturated Rocks Subjected to Repetitive Compression–…

1 3

the rock fracturing. The sandstone is composed of mineral 
grains and cement between grains, the schematic diagrams 
of IG/TG fractures have been proposed to further explain 
this phenomenon. As shown in Fig. 13a, b, the water con-
tent between the grains can increase the internal porosity 
of sandstone due to the physical and chemical reactions, 
resulting the increasingly loose of rock structures and the 
gradually weakening of grains cementation (Li et al. 2018a, 
b; Cai et al. 2020; Liu et al. 2022). Thus, the cracks more 
likely propagate along the cementation, forming more IG 
fractures. As shown in Fig. 13b, c, internal stress of sand-
stone increases as the loading state changed from static into 
high loading rate impacting, resulting in increasing interac-
tion between grains. Thus, when such interaction exceeds 
the bearing capacity of grains, the grains would break and 
the cracks could propagate through grains, forming the TG 

fractures (Fig. 19). Therefore, under higher loading rates or 
saturated condition, more TG fractures occur on the fracture 
surface of the failed specimen.

4  Conclusions

Submerged reefs are likely subjected to the repetitive oblique 
impacting from the drop hammer or the impact drilling in 
the rock breaking of the waterway regulation projects. To 
investigate the dynamic responses and failure behaviors 
of saturated rocks under repetitive combined compres-
sion–shear loading, the repetitive impacting tests were 
thus carried out on specimens with different tilting angles 
using the SHPB apparatus. The dynamic stress equilibrium 
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0.03

0.04

0.05
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Fig. 17  The photographs and the full-field strain of 0° and 5° specimens in dry and saturated conditions
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of inclined saturated rock specimen subjected to repetitive 
compression–shear impacting can be effectively satisfied by 
virtue of the pulse shaping technique.

Experimental results show that the introduction of the 
shear component in the repetitive impacting has significant 

influences on the loading bearing capacity, the deformation 
property, the energy dissipation law, and the failure patterns 
of saturated rocks under repetitive impacting. As the repeti-
tive impacting acts on the saturated sandstone, its bearing 
capacity decreases, while the deformability increases. The 

(a) dry × static (b) saturated × static

(c)dry × dynamic (d) saturated × dynamic
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Fig. 18  Microscopic morphologies of a dry and b saturated rocks under static loading condition, and c dry and d saturated rocks under dynamic 
loading condition (TG and IG represent trans-granular fracture and inter-granular fracture, respectively)

Fig. 19  The schematic diagram of IG/TG fracture of sandstone in different loading conditions
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increasing shear component and loading rate has a nega-
tive influence on the endurance of saturated sandstone under 
repetitive impacting. The incident energy of saturated sand-
stone under repetitive impacting mainly dissipates by the 
reflected energy and transmitted energy rather than the 
absorbed energy. The increasing shear component in the 
dynamic loading improves the energy absorption ability 
and the energy utilization of the saturated sandstone. The 
failure patterns of saturated rocks change from the relative 
tensile mode with a large deformation band along the load-
ing direction to the combined compression–shear mode 
with two parallel large deformation bands inclined to the 
loading direction as the shear component introduces into the 
dynamic loading, and the water content between the mineral 
grains promotes the shear failure in rock dynamic testing.
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