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Abstract: Many geological engineering hazards are 
closely related to the dynamic mechanical properties 
of rock materials. However, most existing studies on 
the dynamic mechanical properties of rock materials 
were conducted on the hard rocks such as sandstone, 
granite, limestone, and marble, whereas soft rocks, 
such as schist, are less studied. Therefore, in this 
study, a series of triaxial impact tests were conducted 
on dry and saturated schist by employing a modified 
triaxial split Hopkinson pressure bar system to reveal 
the coupling effects of water, strain rate, and triaxial 
confining pressure on the mechanical properties of 
schist. The results show that schist is a type of water-
sensitive rock and the stress-strain curve of saturated 
schist has apparent ductility. The effects of strain rate 
on dynamic strain, deformation modulus and peak 
stress were analyzed. The results also show that the 
dynamic peak stress is affected by the combined 
softening effect and viscous effect of water under 
impact loading. Finally, it was found that the failure 
mode of schist belongs to typical axial tensile failure 
under uniaxial impact tests, and shear failure is the 
main failure mode under triaxial impact tests. With 
the increase in confining pressure, the failure modes 

of schist change from tensile failure to shear failure. 
This research can provide useful parameters for 
geological engineering hazard prevention in mountain 
areas. 
 
Keywords: Dry and water-saturated schist; Triaxial 
stress constraint; Modified triaxial split Hopkinson 
pressure bar; Dynamic mechanical behavior; Impact 
loading 

Introduction  

Soft rock has always been the focus of 
engineering geology (Aydanet al. 2014; Chen et al. 
2017), paying specific attention to the significant 
effect that water has on the mechanical properties 
of rock materials. Mechanical properties of water-
saturated rock are closely related to the stability of 
engineering rock mass. Although static mechanical 
properties of saturated rock have been studied 
(Vásárhelyi and Ván2006; Erguler and Ulusay 
2009; Karakul and Ulusay 2013; Roy et al. 2017; 
Wong et al. 2018), in engineering activities, 
engineering rock mass is often affected by dynamic 
loads such as earthquakes, mechanized 
construction, and blasting. Consequently, many 
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geological engineering hazards (such as foundation 
deformation and slope instability) are closely 
related to the dynamic mechanical properties of 
rock materials (He et al. 2005; Zhou et al. 2018). 
Therefore, it is insufficient to study the static 
mechanical property of saturated rock; in recent 
years, some progress has been achieved in studying 
its dynamic mechanical properties as well. Such 
studies found that saturated rock has high 
compressive strength because of the Stefan effect 
(Zhang and Zhao 2014). However, most of these 
studies were focused on hard rocks such as 
sandstone (Huang et al. 2010; Wang et al. 2010; 
Zhou et al. 2016; Zhou et al. 2019), granite (Lou 
1994), limestone (Petrov et al. 2017), and marble 
(Gao et al. 2018). Few studies addressed soft rocks 
such as schist, a typical soft rock widely distributed 
on the surface of the earth containing many clay 
minerals. As schist demonstrates strain softening 
behavior when absorbing water, water-rock 
interaction cannot be ignored in its mechanical 
analysis. 

In previous studies, uniaxial compression, 
tensile, and fracture tests have been carried out on 
the rock samples (Huang et al. 2010; Lou 1994; 
Petrov et al. 2017; Wang et al. 2010; Zhou et al. 
2016; Zhou et al. 2019). The obtained results have 
greatly promoted the development of rock 
dynamics; however, the effect of crustal stress on 
the dynamic mechanical properties of saturated 
rock was not considered. Nonetheless, in 
engineering activities, saturated rock is affected by 
the combined triaxial confining pressure and 
dynamic load. At present, the dynamic mechanical 
properties of saturated rock under triaxial stress 
constraints are not clear. Hence, to prevent and 
control geological hazards and protect the 
ecological environment in mountainous areas, 
studying the coupling effects of triaxial confining 
pressure, water, and dynamic load on the 
mechanical behavior of soft rocks is necessary. 

With this in mind, in this study, we have 
carried out a series of triaxial impact tests on dry 
and water-saturated schist by employing a 
modified triaxial split Hopkinson pressure bar 
(SHPB) system. For comparison, we also 
conducted static triaxial compression tests. The 
modified triaxial SHPB system was selected as it 
can provide constant triaxial confining pressure for 
rock samples before applying dynamic loads. In 

addition, we analyzed the coupling effects of strain 
rate, water, and triaxial confining pressure on 
mechanical properties of schist and the dynamic 
response mechanism of saturated schist was 
revealed. We believe that this work can provide 
useful parameters for geological hazard prevention 
in mountain areas. 

1    Test Materials and Scheme 

1.1 Materials 

In this study, we used weakly weathered schist 
obtained from northwest Wenchuan county, where 
Silurian and Ordovician strata are mainly found in 
this area, in Sichuan province, China (Appendix 1). 
Wenchuan county in China is among the regions 
most affected by serious engineering geological 
hazards. The rock mass is distributed in layers. 
There are a series of metamorphic rocks in this 
area, mainly schist, phyllite, and metamorphic 
sandstone. A slope with interbeddings of soft and 
hard layers is the main type in this area. The 
engineering geological properties of soft and hard 
rocks are quite different from each other. In the 
construction of highways, tunnels and slope 
engineering, the safety and stability of construction 
projects are seriously affected by the mechanical 
properties of soft rock. Under external loads (such 
as mechanized construction and blasting), slope 
instability and chamber collapse occur frequently. 
Therefore, in this study, the schist with the lowest 
strength and the greatest impact on the stability of 
the project was selected as the study material. The 
rock blocks with good integrity were selected on 
the slope surface to be processed into rock samples. 
The sample was composed of quartz (32%), albite 
(8%), muscovite (38%), and chlorite (22%), with 
average density and P-wave velocity amounting to 
2.82 g/cm3 and 2.08 km/s, respectively. 
Furthermore, average porosity and saturated water 
content amounted to 2.23% and 0.81%, 
respectively. 

1.2 Sample preparation 

According to the recommendations of the 
International society of rock mechanics (ISRM) for 
rock dynamic tests, the schist was processed into 
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Ø50 mm × 25 mm cylindrical samples. In addition, 
the Ø50 mm × 100 mm cylindrical samples were 
used for static tests by employing the RMT-150C (a 
rock mechanics test system). The schist has 
obvious schistosity. The schistosity plane of rock 
specimen is nearly horizontal (Appendix 2). The 
two ends of the samples were polished. P-wave 
velocities and densities of all samples were 
measured to remove the outliers. Selected samples 
were placed in an oven with a constant 
temperature of 105 ºC until the mass was constant. 
At that time, the samples were considered to be dry. 
Half of the dry samples were first vacuumed for 8 h 
using vacuum pumping and then placed in an 
aqueous solution for 48 h; after this, the samples 
were considered to be saturated. Before testing, the 
water-saturated samples were placed in fresh-
keeping bags to prevent water evaporation. Sample 
preparation and test equipment are shown in 
Appendix 3. 

1.3 Test equipment and procedure 

A series of impact tests were carried out using 
the modified triaxial SHPB. This equipment can 
eliminate the high frequency oscillations and 
generate well-repeatable half-sine waves (Li et al. 
2005; Zhou et al. 2011; Li et al. 2014). Compared 
with the conventional SHPB, the modified triaxial 
SHPB includes the active axial pressure device and 
active confining pressure device (Appendix 4). 
Therefore, the static triaxial pre-stress can be 
applied before impact loading. The detailed 
parameters of the modified triaxial SHPB can be 
found in related literature (Gong et al. 2011). The 
impact tests consist of two parts: uniaxial and 
triaxial impact tests. In the triaxial impact test, the 
pre-stressed loading system and the impact loading 
system were independent. Before impact loading, 
triaxial confining pressures were applied to the 
predetermined levels (5 and 10 MPa). The dynamic 
stress-strain curves can be obtained using Eqs. (1) - 
(3). In the static compression test, the axial stress 
was applied to the schist at a constant strain rate 
(10-5 s-1) until failure. In this paper, the static and 
dynamic tests of schist samples were carried out 
under drained conditions. 

Based on the one-dimensional stress wave 
theory, the wave signals collected by the strain 
gauges attached to the incident and transmission 

bars can be used to calculate the stress, strain, and 
strain rate of the specimens using Eqs. (1) - (3) 
(Zhou et al. 2012; Zhou et al. 2016). 
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where ( )t , ( )t and ( )t are the stress, strain and 
strain rate of rock at a certain moment t, 
respectively; 1( )t , R ( )t and T ( )t are the incident 
strain, reflected strain and transmitted strain at a 
certain moment t, respectively; eA , eE and eC are the 

cross-sectional area, elastic modulus and wave 

velocity of the elastic rod, respectively; sA and sL
are the cross-sectional area and length of specimen, 
respectively. 

2    Test results and analysis 

The strain rate, peak strain, peak stress, and 
deformation moduli of saturated and dry schist 
under different confining pressures are shown in 
Appendix 5 (strain rate varies from 96 to 262 s-1). 

2.1 Analysis of strain rate and confining 
pressure effects 

2.1.1 Stress-strain curve 

The dynamic stress-strain curves of saturated 
and dry schist (shown in the Figures 1-3) shifted to 
the right with the increase of strain rate. As shown 
in Figure 4, OA, AB, BC, and CD are the 
compaction, elastic, plastic deformation, and 
failure segments. The compaction segments of 
saturated and dry schist are not clearly visible, 
which may be related to the sample sizes. 
Furthermore, water has a significant effect on the 
stress-strain curve (Figure 4a). When the strain 
rates are approximately the same, plastic strain of 
saturated schist is larger than that of dry schist 
(Appendix 6). Owing to the softening effect of 
water, the water-saturated schist has a long BC 
segment. Near the peak stress, yield platforms 
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appear on the stress-strain curves of saturated 
schist, which implies that the saturated schist has 
clear ductility. In addition, the saturated curve is 
relatively full and the lower opening is larger, 

whereas the drying curve is relatively narrow. The 
confining pressure also has an effect on the stress-
strain curve (Figure 4b). With the increase in 
confining pressure, the slope of the AB segment 

    
Figure 1 Uniaxial dynamic stress-strain curves: (a) Saturated samples; (b) Dry samples. is the strain rate. 

 

     
Figure 2 Triaxial dynamic stress-strain curves: (a) Saturated samples; (b) Dry samples. Confining pressure σ3 is 5 
MPa;  is the strain rate. 
 

   
Figure 3 Triaxial dynamic stress-strain curves: (a) Saturated samples; (b) Dry samples. Confining pressure σ3 is 10 
MPa;  is the strain rate. 
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increases and the ability of schist to resist 
deformation is improved. 

2.1.2 Dynamic strain 

In this paper, some parameters were defined 
to evaluate the deformation behavior of schist 
(Figure 5). The x-coordinate point corresponding 
to dynamic peak stress on stress-strain curve was 
defined as the dynamic peak strain (εd). As shown 
in Figure 4, the compaction segment (OA segment) 
is very small in the stress-strain curve. Therefore, 
the pre-peak curve can be roughly divided into two 
stages: OB and BC segments. The OB segment is 
approximately elastic. For convenience, the x-
coordinate point corresponding to point B on 
stress-strain curve was defined as the dynamic 
elastic strain (εe). The difference between peak 
strain (εd) and elastic strain (εe) was defined as the 
dynamic plastic strain (εp). In addition, in order to 
make the test data more comparable, the 
deformation moduli at specific strain levels (Ed 

1 and 
Ed 

2 ) have been added. Ed 
1 is the secant modulus of 

schist. Ed 
2 is the peak-state deformation modulus of 

schist. 
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where d is the peak stress; d is peak strain; 50 is 

the stress value that is at 50% of the peak stress; 50
is the axial strain corresponding to 50 . 

The dynamic strain is an important indicator 
for evaluating deformation and failure of rock 

materials (Gong et al. 2019). Figure 6 shows that 
the peak strain (εd) increases with increasing strain 
rate. When the strain rates are approximately the 
same, the peak strains of water-saturated schist are 
larger than those of dry schist. In addition, the 
peak strain shows no clear relationship with the 
increasing confining pressure (Figure 6).  

The variation in schist peak strain with strain 
rate and confining pressure is fundamentally the 
same as in the previous results (Gong et al. 2019; 
Wang et al. 2018). However, when the sample sizes 
are the same, the peak strain of schist is larger than 
that of granite (Figure 7). The peak strain of schist 
is in the range of 0.0115-0.0151 (strain rate varies 
from 111 to 168 s-1), whereas that of granite is in the 
range of 0.0073-0.0088 (strain rate varies from 
114 to 142 s-1). Hence, the peak strain of schist is 
almost twice as that of granite. The dynamic plastic 

  
Figure 4 Segment division of typical stress-strain curves: (a) Segment division of uniaxial stress-strain curves; (b) 
Segment division of uniaxial and triaxial stress-strain curves.  is the strain rate. σ3 is the confining pressure. 

 
Figure 5 Sketch of definition method of deformation 
modulus. Ed 

1 is the secant modulus; Ed 
2 is the peak-state 

deformation modulus; σd is the peak stress; εd is peak 
strain; σ50 is the stress value that is at 50% of the peak 
stress; ε50 is the axial strain corresponding to σ50. 
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deformation of schist is larger than that of granite 
when the sample sizes are the same. This 
phenomenon may be related to the mineral 
composition of rocks. There is a considerable 
amount of clay minerals in schist. The ability of 
clay minerals to resist deformation is weak. When 
the strain rates are approximately the same, the 
deformation of schist is greater than that of granite.  
In addition, the compaction segments of granite 
are not easily detectable and confining pressure has 

a clear effect on its deformation. When the 
confining pressure is 10 MPa, post-peak curves of 
granite show a clear strain softening behavior. 

2.1.3 Dynamic modulus 

Figures 8 and 9 show the variation in 
deformation moduli (E d 

1 and E d 
2 ) of dry and 

saturated schist with strain rate and confining 
pressure. It can be found that Ed 

1 and Ed 
2 increase 

with the increase of confining pressure. Even 
though the peak strain of schist is not sensitive to 
the confining pressure (Figure 6), the peak stress of 
schist increases with the increase of confining 
pressure. Therefore, with the increase in confining 
pressure, deformation moduli increase and the 
ability of schist to resist deformation increases. 
When the strain rates are approximately the same, 
the deformation moduli (Ed 

1 and Ed 
2 ) of saturated 

schist are lower than those of dry schist. Hence, 
compared with the dry schist, the ability of 
saturated schist to resist deformation is weakened. 
However, Ed 

1 and Ed 
2 are not sensitive to the strain 

rate. Although test data are discrete, the 
deformation moduli are basically independent of 
the strain rate.  

2.1.4 Dynamic peak stress 

The dynamic peak stress of saturated schist is 
lower than that of dry schist (Figure 10). 
Furthermore, with the increase in confining 
pressure, dynamic peak stress increases linearly. 
The peak stress increases with increasing strain 
rate. To study the relationship between dynamic 

 

 

 
Figure 6 Dynamic peak strains of schist under 
different strain rates. σ3 is the confining pressure. 
 

Figure 7 Comparison of triaxial stress-strain curves 
between schist and granite (The data of Huashan 
granite are from Wang et al. (2018)). Confining 
pressure σ3 is 10 MPa; is the strain rate. 



J. Mt. Sci. (2020) 17(12): 3123-3136 
 

 3129

peak stress and strain rate, a linear function is used 
to fit the data under constant confining pressure. 
The fitting equations and relevant parameters are 
shown in Appendix 7.  

To study the sensitivity of peak stress on the 
strain rate under dynamic compression, the typical 
hard rocks (Huashan granite and Linli sandstone) 

are compared with Sichuan schist in this paper. 
Figure 11 shows that the peak stresses of three 
kinds of rocks increase with increasing strain rate. 
There are good correlations between peak stresses 
and strain rates. However, the strain rate 
sensitivities of peak stresses are different under 
dynamic compression. The strain rate has the most 

 

 

 

 

 

 
Figure 8 Relationship between dynamic deformation 
modulus (Ed 

1 ) and strain rate. σ3 is the confining pressure. 
Figure 9 Relationship between dynamic deformation 
modulus (Ed 

2 ) and strain rate. σ3 is the confining pressure. 
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significant effect on the peak stress of Huashan 
granite (the slope of a fitted straight line is 1.85), 
followed by Linyi sandstone (the slope of a fitted 
straight line is 1.30) and Sichuan schist (the slope 
of a fitted straight line is 0.17). However, the peak 
stress of Linyi sandstone is the largest among 
the three kinds of rocks when the strain rates are 
approximately equal.  

To study the sensitivity of peak stress on the 
confining pressure, herein, we compare and 
analyze the experimental data of granite, sandstone 
and schist. Figure 12 shows that the dynamic peak 
stresses of rocks increase linearly with the increase 
of confining pressure when the strain rates are 
approximately equal. The sensitivity of Linyi 
sandstone to the confining pressure is the most 
significant (the slope of a fitted straight line is 7.39), 
followed by Huashan granite (the slope of a fitted 
straight line is 5.81) and Sichuan schist (the slope 
of a fitted straight line is 4.99). 

2.2 Failure mode analysis 

The failure modes of schist under uniaxial 
impact tests are shown in Appendix 8. When the 
strain rate is low, the fracture surface develops 
along the axial direction (loading direction) and the 
rock fragment has a long strip shape. With 
increasing strain rate, the number of rock 
fragments increases. The failure modes of schist 
samples belong to typical axial tensile failure under 
uniaxial impact tests. 

The failure modes of schist under triaxial 
impact tests are shown in Appendix 9. Shear failure 
is the main failure mode under triaxial impact tests. 
With increasing strain rate, fragments of schist also 
increase. Because of the restraining effect of 
confining pressure, the schist is only partially 
broken. As shown in Appendixes 8 and 9, the 
fragmentation degree of water-saturated schist is 
higher than that of dry schist. Hence, the ability of 
water-saturated schist to resist impacting is 
reduced. 

Failure modes of saturated and dry schist 
under different confining pressures are shown in 
Appendix 10. When the confining pressure is zero 
(uniaxial impact test), the failure modes belong to 
tensile failure. When the confining pressures vary 
from 5 to 10 MPa, there is a certain angle between 
the fracture surface and axial direction. The failure 

 
Figure 10 Relationship between dynamic peak stress 
and strain rate (Black denotes water-saturated schist 
and Red denotes dry schist). σ3 is the confining 
pressure. 

 
Figure 11 Relationship between dynamic peak stress 
and strain rate under uniaxial compression (The data of 
Huashan granite and Linyi sandstone are from Wang et 
al. (2018) and Gong et al. (2019) respectively). 

 
Figure 12 Relationship between dynamic peak stress 
and confining pressure (The data of Huashan granite 
and Linyi sandstone are from Wang et al. (2018) and 
Gong et al. (2019) respectively). is the strain rate. 
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modes are shear failure. This implies that the 
failure modes of schist change from tensile failure 
to shear failure with the increase of confining 
pressure. 

2.3 Static test results  

After a series of static triaxial compression 
tests, the static mechanical properties of schist 
were revealed (Appendix 11). The static stress-
strain curves of saturated and dry schist are shown 
in Figure 13. The static stress-strain curves of schist 
under different confining pressures include initial 
compaction, elastic, yield, and failure stages. Figure 
13 demonstrates that the peak stress of schist 
increases gradually with the increase in confining 
pressure. Compared with the dry schist, the peak 
stress and deformation modulus of saturated schist 
clearly decrease. When the confining pressures are 
the same, the peak strain of water-saturated schist 
is greater than that of dry schist. Furthermore, 
compared with the dynamic test results, the static 
peak stresses are smaller than dynamic ones. 
However, the peak strain shows no clear tendency.  

3    Discussion 

To analyze the strain rate effects of dry and 
saturated schist, the dynamic increasing factor 
(DIF) is introduced (Zhou et al. 2012; Xia and Yao 
2015): 

d

s

DIF




                            

(6) 

where σd is the dynamic peak stress; and σs is the 
static peak stress. 

For convenience, herein, the dynamic peak 
stresses under nine strain rates (100, 120, 140, 160, 
180, 200, 220, 240 and 260 s-1, respectively) are 
calculated according to the fitting formulas 
(Appendix 7). The static peak stresses under 
different confining pressures are calculated 
according to the fitting formulas (Appendix 12). 
The corresponding DIFs are calculated according 
to Eq. (6). As shown in Figure 14, DIFs of saturated 
schist are higher than those of dry schist. DIF 
differences between saturated schist and dry schist 
increase with increasing strain rate. For example, 
under uniaxial dynamic tests (Figure 14a) with a 

strain rate of 100 s-1, DIFs of dry and saturated 
schist amount to 1.58 and 2.06, respectively. The 
DIF difference is 0.48. When the strain rate 
increases to 260 s-1, DIFs of dry and saturated 
schist amount to 2.61 and 3.21, respectively. The 
DIF difference is 0.60. This implies that the strain 
rate effect of schist is enhanced by fissure water, 
and the influence increases with the increase of 
strain rate.  

When the confining pressure increases to 5 
MPa (the strain rate is 100 s-1), DIFs of dry and 
saturated schist amount to 1.27 and 1.72, 
respectively (Figure 14b), whereas the DIF 
difference is 0.45. Continually, when the strain rate 
increases to 260 s-1, DIFs of dry and saturated 
schist amount to 1.90 and 2.47, respectively, 
whereas the DIF difference is 0.57. With the 
increase of confining pressure, the DIFs and DIF 
differences decreased gradually. This indicates that 
confining pressure can weaken the strain rate effect 
of peak stress. Compared with dry schist, the strain 

 

 
Figure 13 Static stress-strain curves: (a) Dry samples; 
(b) Saturated samples. σ3 is the confining pressure; σs is 
the static peak stress. 



J. Mt. Sci. (2020) 17(12): 3123-3136 

 3132 

rate effect of saturated schist is more sensitive to 
confining pressure. 

Although the strain rate effect of schist is 
enhanced by water, the dynamic peak stress of 
saturated schist is still lower than that of dry schist 
in this paper. The test results of our study are 
different from previous studies (Lou 1994; Yuan 
and Ma 2015; Zhou et al. 2016; Gao et al. 2018). 
The dynamic peak stress of saturated schist is 
different from hard rock. Compared with hard rock, 
the softening effect of water on schist is more 
significant. In fact, water has dual effects on the 
dynamic peak stress of schist. 

3.1 Degradation mechanism of water-
saturated schist 

There is a considerable amount of clay 
minerals and quartz particles in schist. During the 
saturation process, a large number of water 
molecules are adsorbed on the surface of clay 
particles, which leads to swelling and deformation 
of clay minerals (Anderson et al. 2009; Hensen and 
Smit 2012). As shown in Figure 15, the surface of a 
clay mineral is flat and smooth (Figure 15a). The 
boundaries of mineral particles are clear. Because 
of the swelling and softening of clay minerals 
during the saturation process, the boundaries 
between mineral particles become blurred (Figure 
15b). The mineral structure tends to be loose and 
porous, which leads to the decrease of cohesion 
and strength. In addition to swelling and 
deformation of clay minerals, the chemical reaction 
cannot be ignored, which further reduces the 
strength of schist. In addition, the hydrolysis of Si-
O-Si bond is also an important factor for the 
degradation of mechanical property. Schist consists 
of many quartz minerals (32%). During the 
saturation process, the cracks are full of free water. 
The crack tip is the most active area of water-rock 
reaction (Newman 1983). Owing to hydrolysis 
reaction, the strong Si-O-Si bond is replaced by the 
weak Si-OH bond (Cadoni et al. 2001), which 
reduces the growth barrier and fracture toughness 
of micro-cracks. The strength of schist is further 
reduced. The hydrolysis reaction formula can be 
expressed as 

     Si O Si H O H Si OH HO Si            
 
(7) 

3.2 Water-enhancing mechanism for the  

dynamic peak stress of schist  

DIFs of saturated schist are higher than those 
of dry schist. DIF differences between saturated 

 

 

 
Figure 14 Variation of dynamic increasing factor (DIF) 
with increasing strain rate: (a) σ3= 0 MPa; (b) σ3= 5 
MPa; (c) σ3= 10 MPa. σ3 is the confining pressure. 
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schist and dry schist increase with increasing strain 
rate. This shows that the strain rate effect of schist 
is enhanced by fissure water, and the influence 
increases with the increase of strain rate. This may 
be explained by the viscous effect of fissure water. 
To study the influence of water on crack 
propagation, the sliding crack model is adopted to 
analyze the propagation of single crack under 
triaxial impact tests. The interaction between 
cracks is not considered. At first the initial main 
crack propagates along the original direction under 
triaxial impact test. With the increase of dynamic 
load, the main crack tip begins to produce large 
tensile stress. According to fracture mechanics, 

when the stress intensity factor at the crack tip 
exceeds the fracture toughness of the matrix, the 
main crack will bend. The wing cracks begin to 
appear at both ends of the main crack (Figure 16). 

Under impact loading, crack growth mainly 
includes shear slipping of the main crack and 
tensile opening of the wing crack. When the main 
crack slides, fissure water will produce the viscous 

force ( v ) according to the law of Newton inner 

friction, which can be approximately expressed as 
(Wang et al. 2018) 

v

v

h
                                      (8)

 

     
(a)Dry sample                                                  (b) Saturated sample 

Figure 15 Scanning electron microscope(SEM) photographs of schist. 
 

 

Figure 16 Sliding crack model: (a) Main crack; (b) Wing crack growth; (c) Stefan effect. 
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where η is the viscosity of liquid; h is the thickness 
of liquid; and v is slip rate of fracture. 

When the wing crack opens, because of the 
Stefan effect, the viscous force (Fs) is formed on the 
crack surface, which hinders the propagation of the 
wing crack. In addition, previous studies have 
shown that the crack growth rate is much lower 
than loading rate under impact loading. The free 
water in main crack cannot reach the tip of wing 
crack in time (Rossi 1991; Rossi et al. 1992). The 
free water in wing crack will produce the meniscus. 
Owing to the Meniscus effect, the viscous force (Fm) 
is formed on the surface of wing crack, which 
prevents its growth. The formulas can be expressed 
as (Rossi 1991; Rossi et al. 1992; Zhang and Li 2004) 

4

s 3

3π d

2 d

r h
F

h t




                                 (9) 

m 22 cosc

V
F

r





                                (10)

 

where η is the viscosity of liquid; h is the thickness 
of liquid; r is the radius of the equivalent plate; 
dh/dt is the relative velocity of two plates; γ is the 
surface energy of liquid; θ is the wetting angle of 
the meniscus; rc is the curvature radius of the 
meniscus; and V is the volume of liquid. 

According to Eqs. (8) - (10), the viscous force 
produced by fissure water is affected by the water 
content, the geometric size of crack, and the rate of 
crack propagation. When the crack size and water 
content are constant, the viscous force increases 
with the increase in the crack growth rate. 
According to fracture mechanics, the crack growth 
rate is proportional to the loading rate. Therefore, 
the viscous force increases with the increase of the 
loading rate. Because of the viscous force of fissure 
water, the crack propagation is restrained. 
Therefore, water-saturated schist has higher strain 
rate effect compared with dry schist. 

The analysis above shows that water has dual 
effects on the dynamic peak stress of schist. On the 
one hand, water-rock interaction changes the 
contact relation between the mineral particles and 
reduces fracture toughness of crack. This leads to 
the decrease in peak stress. On the other hand, 
under impact loading, fissure water will produce 
the viscous force, which hinders the crack 
propagation. This leads to the increase in peak 
stress. In this study, when strain rate varies from 
96 to 262 s-1, the water-rock interaction is 

dominant. The dynamic peak stress of saturated 
schist is lower than that of dry schist. However, 
with the increase of strain rate, the viscous effect of 
fissure water will exceed the water-rock interaction. 
Consequently, the dynamic peak stress of saturated 
schist will be further improved. In addition, 
because of the confining pressure effect, the crack 
growth rate and the viscous effect of fissure water 
decrease. Therefore, compared with dry schist, 
dynamic peak stress of saturated schist is more 
sensitive to the confining pressure. 

4    Conclusions 

In this study, we have carried out a series of 
triaxial impact tests on dry and water-saturated 
schist by employing a modified triaxial SHPB 
system. We also conducted the static triaxial 
compression tests of schist for comparison. 
Furthermore, we have analyzed the impact 
deformation, peak stress, and failure mode of 
schist under triaxial stress restraint. The strain rate 
effects of dry and water-saturated schist were 
discussed and the dynamic response mechanism of 
saturated schist was revealed. The main 
conclusions drawn from the results are presented 
as follows: 

1. The schist is a type of water-sensitive rock; 
water has clear influence on its strength and 
deformation. The stress-strain curves of saturated 
schist show clear ductility. We find that the peak 
strain of schist increases with increasing strain rate. 
Furthermore, under a constant strain rate, 
deformation moduli increase with the increase of 
confining pressure. Compared with static test 
results, the dynamic peak stress of schist is 
improved significantly. 

2. The confining pressure effect and strain rate 
effect are clearly observed for the peak stress of 
schist. Peak stress of schist increases with the 
increase of stain rate and confining pressure. 
Compared with granite and sandstone, the 
sensitivity of schist to the confining pressure and 
strain rate is decreased. 

3. The strain rate effect of schist is enhanced 
by fissure water, and the influence increases with 
the increase of strain rate. Compared with dry 
schist, the strain rate effect of saturated schist is 
more sensitive to the confining pressure. 
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Furthermore, water has dual effects on the peak 
stress of schist. The peak stress is affected by the 
combined softening and viscous effects of water 
under impact loading. 

4. The failure mode of schist sample belongs to 
axial tensile failure parallel to the loading direction 
under uniaxial impact tests. The shear failure is the 
main failure mode under triaxial impact tests. With 
the increase in confining pressure, the failure 
modes of schist change from tensile failure to shear 
failure. 

Because of the limitations concerning test 
conditions, dynamic triaxial tests with higher strain 
rates and triaxial confining pressures were not 
carried out in this study. However, bearing in mind 
its conclusions, we believe that it would be 
beneficent that dynamic mechanical properties of 

saturated soft rock with higher triaxial confining 
pressures and strain rates are further investigated. 
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