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Abstract: In a naturally saturated state, rocks are likely to be in a stress field simultaneously con-
taining static and dynamic loads. Since rocks are more vulnerable to tensile loads, it is significant
to characterize the tensile properties of naturally saturated rocks under coupled static–dynamic
loads. In this study, dynamic flattened Brazilian disc (FBD) tensile tests were conducted on naturally
saturated sandstone under static pre-tension using a modified split-Hopkinson pressure bar (SHPB)
device. Combining high-speed photographs with digital image correlation (DIC) technology, we
can observe the variation of strain applied to specimens’ surfaces, including the central crack ini-
tiation. The experimental results indicate that the dynamic tensile strength of naturally saturated
specimens increases with an increase in loading rate, but with the pre-tension increases, the dynamic
strength at a certain loading rate decreases accordingly. Moreover, the dynamic strength of naturally
saturated sandstone is found to be lower than that of natural sandstone. The fracture behavior of
naturally saturated and natural specimens is similar, and both exhibit obvious tensile cracks. The
comprehensive micromechanism of water effects concerning the dynamic tensile behavior of rocks
with static preload can be explained by the weakening effects of water on mechanical properties, the
water wedging effect, and the Stefan effect.

Keywords: coupled static–dynamic loads; naturally saturated rocks; flattened Brazilian disc; fractur-
ing behavior; dynamic tensile strength

1. Introduction

Deep rocks are usually faced with complicated geoenvironments with multifield or
multiscale coupling, such as thermomechanical coupling, groundwater disturbance, and
static–dynamic load coupling [1–5]. Rocks in deep engineering are not only subjected
to static loads caused by gravity stress and tectonic stress, but also affected by dynamic
loads, generally induced by earthquakes, excavation, blasting, and drilling [6–9]. There is a
general consensus that the water evidently weakens the mechanical properties of rocks,
which may pose potential hazards to rock engineering [10–13]. Moreover, rocks are quite
vulnerable to tensile loads, and their tensile strength is exceedingly low compared to their
compressive strength [14,15]. Therefore, under simultaneous dynamic and static loads,
characterizing the tensile behavior of naturally saturated rock is crucial for the stability
assessment and construction safety of underground rock structures.

For brittle rocks, the object of existing studies mainly concerns the tensile properties
under pure static or dynamic loadings, by conducting direct or indirect tensile tests [16–18].
For the direct tensile tests, the stress concentration always occurs around the gripping
areas, causing partial damage to rock specimens. Moreover, it is difficult to keep the
clamping device and rock specimen axis coincident, which induces bending moments in
the specimen and causes measurement deviation. To avoid such fatal defects in direct
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tensile tests, some indirect methods have been proposed, and the Brazilian disc (BD) test is
recommended by the International Society for Rock Mechanics (ISRM) to gauge the tensile
strength of rocks [19–23]. For the BD testing method, the appearance of a central crack is a
very eventful factor to validly calculate the tensile strength of rocks [24]. Since high stress
concentration always appears around the contact area between the specimen’s periphery
and the loading plates in BD experiments, observation of the central crack’s initiation
cannot always be guaranteed [25]. To meet the prerequisite of central crack initiation in
BD tests, researchers made some modifications to the loading devices, including using
a curved loading jaw and adding cushions to the loading plates [17]. However, these
modifications greatly complicate the BD tests. Alternatively, another convenient method
is to change the shape of the BD specimen. To reasonably change the specimen’s shape,
Wang et al. [26] cut the two ends of the disc into a platform shape—namely, a flattened
Brazilian disc (FBD) specimen—so as to reliably ensure the central crack’s initiation. By
selecting a proper loading angle (2α) between 20◦ and 30◦, it can be well guaranteed to
observe the central crack’s initiation in the FBD testing method [27]. Subsequently, the FBD
method was proposed to conduct dynamic tensile tests, and it has proven suitable to gauge
the dynamic tensile strength of rocks via this indirect method [28,29].

Previous studies have revealed that for brittle materials, the capacity for resisting
external force differs significantly between pure static or dynamic loads; that is, the dynamic
strength is significantly greater than the static strength [7,8,25]. Additionally, a great
deal of literature on rocks related to the tensile response devotes attention to static or
dynamic tensile loading tests, with little attention paid to coupled dynamic–static tensile
loading tests. Zhou et al. [30] explored the dynamic behavior of BD specimens under
simultaneous dynamic and static loads, and pointed out that the dynamic tensile strength
decreases with pre-static load. Wu et al. [31] applied coupled static–dynamic loads to BD
specimens and revealed that the dynamic tensile strength goes up with the loading rate,
and that the influence of pre-tension on total tensile strength can be negligible. Recently,
Pei et al. [32] proposed a novel flattened Brazilian disc (FBD) testing method for rocks
under simultaneous dynamic and static loads, measuring the tensile behavior of sandstone
at a certain pre-static load and loading rate through experiments and numerical simulations.

The investigations reviewed above were focused on natural rocks, yet the tensile
behavior of naturally saturated rocks under coupled dynamic–static loading has never
been reported. Since underground water significantly affects the physical and mechanical
properties of rocks, sufficient attention should be applied to the dynamic tensile response of
saturated sandstone at various static pre-tensions [5,33,34]. In this study, the dynamic FBD
test method was adopted for naturally saturated sandstone under static pre-compression
via a modified SHPB system. Under conditions of simultaneous dynamic and static
loading, the tensile properties and fracturing behavior of naturally saturated sandstone
were investigated, and the comprehensive effects of water on the dynamic tensile properties
of naturally saturated FBD sandstone are discussed. The structure of this paper is as
follows: there is a brief introduction of the SHPB system, the test method for rocks under
simultaneous dynamic and static loads, and the preparation of the naturally saturated FBD
specimen in Section 2; Section 3 reports the experimental results, including dynamic force
equilibrium, central crack initiation, and dynamic tensile strength; Section 4 discusses the
micromechanism of water effects on the dynamic tensile properties and fracturing behavior
of naturally saturated sandstone; the summary is presented in Section 5.

2. Methodology
2.1. Testing Apparatus

As exhibited in Figure 1, the coupled static–dynamic FBD tests were conducted using a
modified SHPB device. The modified SHPB device was made of a system of bars—namely,
the striker bar, the incident bar, and the transmitted bar—an axial pre-tension loading
unit, and a data acquisition system. The density of the above low-alloy steel bars was
7800 kg/m3, and all of the bars had a consistent diameter of 50 mm. Since the elastic
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modulus E of the bars was 211 GPa, the longitudinal wave velocity was calculated by
the formula (c0 =

√
E/ρ)—namely, 5201 m/s. By utilizing small copper discs as shapers,

the waveform of stress wave generated by the impact of striker bar can be shaped into a
ramped wave, with the dynamic force equilibrium on both platforms of the FBD specimen
being facilitated accordingly. As shown in Figures 1 and 2a, the FBD specimens were first
clamped among the incident bar and the transmitted bar. Driven by a hydraulic chamber,
the transmitted bar moved towards the incident end and was fixed by the flange; thus,
the specific pre-load was successfully applied to the FBD specimens. The four tied rods
were used to tighten the reaction plates to avoid bending moments in the bars. After the
pre-static load was applied, the incident wave could be generated to propagate along the
bars by the impact test. Due to the rapid reflection and transmission of the stress wave
in the interface between the bars and the specimen, the stress waves in the transmitted
bar were generated by the conversion of incident waves. With two sets of strain gauges
properly mounted on the bars, in the form of a strain signal, the stress waves can be
recorded without overlap. In line with the one-dimensional wave theory, as long as the
strain history on bars is measured, the dynamic force history on both sides of specimens
can be determined as follows [35]:

P1(t) = AE(ε0 + εi(t) + εr(t)) (1)

P2(t) = AE(ε0 + εt(t)) (2)

where P1(t) and P2(t) are the dynamic force at the incident and transmitted platforms of
the specimen, respectively; ε0, εi(t), εr(t), and εt(t) are the strains caused by the pre-load,
incident wave, reflected wave, and transmitted wave, respectively; and A and E denote the
cross-sectional area and the elastic modulus of the bars, respectively.
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To capture the progressive fracture process during the SHPB experiment, we used
digital image correlation (DIC) technology, which is based on the calculation of deformation
from the reference state to subsequently deformed states on the surface of the specimen
using digital images from a high-speed camera [36,37]. The high-speed camera was set at
180,000 frames per second, and provided successive digital images of specimens with a
256- × 256-pixel resolution. For the sake of improving the calculation accuracy of the DIC
algorithm, random speckle patterns were painted on the facade of the specimens, which
were used to calculate the strain field by tracking their movement.

2.2. The Coupled Static–Dynamic FBD Test Method

Considering the pivotal matter in question for the BD tests mentioned above, the
coupled static–dynamic FBD testing method newly improved by Pei et al. [32] was applied.
Under the condition of simultaneous dynamic and static loading, the advantages of using
FBD specimens to measure tensile response are as follows: (1) due to the two-platform
design of the disc, the stress concentration can be avoided by increasing the contact area
between the FBD specimens and the force device; (2) the two parallel platforms in FBD
specimens can ensure a consistent contact area throughout the entire loading process;
(3) under dynamic impact loads, it can be ensured that the central crack’s initiation is
observed with the proper loading angle of 20◦ < 2α < 30◦ [26,27]. In this study, to ensure
that the stress in the disc center was larger than that of any other places in the FBD
specimens, so as to ensure the feasibility of the FBD method, we chose a loading angle of
2α = 25◦ when designing the FBD specimens [26].



Energies 2021, 14, 4784 5 of 18

Due to the existence of two platforms on the FBD specimens, it was no longer suitable
to calculate tensile strength by using traditional BD calculation formulae. According to the
Griffith criterion, the tensile strength of FBD specimens with certain loading angles can be
determined by adding a coefficient to the traditional BD formula [32]:

σt = k
2P

πDB
(3)

where σt is the measured tensile strength; P is the maximum load; B and D are the thickness
and diameter of the FBD specimens, respectively; and k is the coefficient with a certain
loading angle, in which the coefficient k equals 0.9445 for a loading angle 2α = 25◦ [32].
Therefore, the dynamic tensile strength in our tests can be determined as follows:

σt= 0.9445
2P

πDB
(4)

2.3. Specimen Preparation and Test Scheme

In FBD tests, in order to reduce the dispersion of the test results, all of the FBD
specimens were taken from a same sandstone block, which was fine-grained homogeneous
sandstone taken from Neijiang, Sichuan Province, China. The FBD specimens had a
consistent diameter and thickness of 87 mm and 43.5 mm, respectively. The surface
roughness of the specimens was maintained within 0.02 mm, and the non-parallelism of
both platforms was less than 0.05 mm. The naturally saturated specimen was prepared via
the immersion tests [38–40], and all of the prepared FBD specimens are shown in Figure 2b.
These FBD specimens were first immersed in pure water for 6 h, and then taken out and
weighed after the surfaces of the specimens were wiped off with a towel. The above
operations were repeated until the quality difference of the saturated specimens between
the last two cycles did not exceed 0.1 g. Rock specimens after final immersion treatment
were considered to have reached the naturally saturated state, and the last weighing was
considered to be the quality of the naturally saturated rock FBD specimen. The curve of
average moisture content in sandstone versus immersion time is shown in Figure 2c, in
which the water content of sandstone can be determined as follows:

ws =
ms − md

md
(5)

where ws is the naturally saturated water content; and ms and md are the mass of the FBD
specimen in its naturally saturated state and natural state, respectively.

As revealed in Figure 2c, it takes almost 9 days for the natural sandstone specimen to
reach a naturally saturated state. The average density and longitudinal wave speed of the
naturally saturated FBD specimens were 2387 kg/m3 and 2570 m/s, respectively.

In this study, the quasistatic loading tests were first carried out for naturally saturated
FBD specimens to determine the static tensile strength, using the MTS-815 rock-testing
system to provide a reference for selecting appropriate pre-static loads. The typical load–
displacement curve is shown in Figure 3a. The tensile strength is determined by the stress
Pmax of the curve, and just at this time the first crack appears in the central disc, as shown
in Figure 3b. Table 1 lists the quasistatic test results. The average static tensile strength of
the naturally saturated sandstone was 5.5 MPa. In order to explore the influence of static
preloads on the dynamic tensile properties of naturally saturated sandstone, five groups of
tests are considered (i.e., groups SA, SB, SC, SD, and SE). For the five test groups, the static
pre-tension loads were 0 MPa, 1.1 MPa, 2.2 MPa, 3.3 MPa and 4.4 MPa, corresponding to
the static pre-tension ratios of 0, 0.2, 0.4, 0.6 and 0.8, respectively. For the dynamic loading
under each static preload, eight impacting tests were conducted to cover a wide range of
loading rates (50~350 GPa/s).



Energies 2021, 14, 4784 6 of 18
Energies 2021, 14, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 3. Splitting tests on naturally saturated FBD specimens under quasistatic loads: (a) load–
displacement curve; (b) fracture behavior at disc center. 

Table 1. Quasistatic test results of naturally saturated sandstone specimens 

Specimen No. Peak Force (KN) Tensile Strength (MPa) 
S-1 35.41 5.62 
S-2 34.01 5.40 
S-3 36.49 5.79 
S-4 33.54 5.32 
S-5 35.05 5.56 

Average 34.9 5.5 

3. Experimental Results 
3.1. Dynamic Force Equilibrium 

Given the fact that ensuring balance of the dynamic forces at both ends of the FBD 
specimen is the crucial prerequisite for ignoring the inertial effect and conducting the 
valid quasistatic data analysis method in the experiments [35,41], we firstly checked the 
force equilibrium in the dynamic impact tests by adapting a pulse-shaping technique, 
which can convert incident waves into ramped waveforms. 

Figure 4a depicts the force history for a typical coupled static–dynamic FBD test 
(specimen SC-1). By shifting the time zeros of stress waves to the bar–specimen interface, 
and using the abovementioned Equations (1) and (2), the dynamic force histories on both 
side of the specimen can be determined, which are denoted as black curve In and red 
curve Re for incident force history and reflected force history, respectively, in Figure 4a. 
The dynamic force history on the incident platform of the specimen is the superposition 
of the incident and reflected force (represented as blue curve In + Re), while the force 
history on the transmitted side of the specimen is represented as green curve Tr. For rock 
materials, after 3–4 stress wave reverberations inside the specimen, the force on both sides 
of the specimen becomes consistent [42]. Since the P-wave velocity of naturally saturated 
sandstone is ~2570 m/s and the diameter of FBD is 87 mm, the time required for dynamic 
force equilibrium is ~102–135 μs. As shown in Figure 4a, during the time from the initial 
equilibrium moment (represented as tequil) to the peak stress moment (represented as tf)—
namely, 105–211 μs—the dynamic force at both platforms of the FBD specimen is approxi-
mately equal, indicating that the dynamic force equilibrium of the FBD specimen is achieved 
in our tests. From Equation (4), the maximum stress in the tensile stress history can be 
adopted to measure the tensile strength. Moreover, as shown in Figure 4b, the slope of the 
pre-peak linear region of the stress history curve can be used to determine the loading rate. 

Figure 3. Splitting tests on naturally saturated FBD specimens under quasistatic loads: (a) load–
displacement curve; (b) fracture behavior at disc center.

Table 1. Quasistatic test results of naturally saturated sandstone specimens.

Specimen No. Peak Force (KN) Tensile Strength (MPa)

S-1 35.41 5.62
S-2 34.01 5.40
S-3 36.49 5.79
S-4 33.54 5.32
S-5 35.05 5.56

Average 34.9 5.5

3. Experimental Results
3.1. Dynamic Force Equilibrium

Given the fact that ensuring balance of the dynamic forces at both ends of the FBD
specimen is the crucial prerequisite for ignoring the inertial effect and conducting the valid
quasistatic data analysis method in the experiments [35,41], we firstly checked the force
equilibrium in the dynamic impact tests by adapting a pulse-shaping technique, which can
convert incident waves into ramped waveforms.

Figure 4a depicts the force history for a typical coupled static–dynamic FBD test
(specimen SC-1). By shifting the time zeros of stress waves to the bar–specimen interface,
and using the abovementioned Equations (1) and (2), the dynamic force histories on both
side of the specimen can be determined, which are denoted as black curve In and red
curve Re for incident force history and reflected force history, respectively, in Figure 4a.
The dynamic force history on the incident platform of the specimen is the superposition
of the incident and reflected force (represented as blue curve In + Re), while the force
history on the transmitted side of the specimen is represented as green curve Tr. For rock
materials, after 3–4 stress wave reverberations inside the specimen, the force on both sides
of the specimen becomes consistent [42]. Since the P-wave velocity of naturally saturated
sandstone is ~2570 m/s and the diameter of FBD is 87 mm, the time required for dynamic
force equilibrium is ~102–135 µs. As shown in Figure 4a, during the time from the initial
equilibrium moment (represented as tequil) to the peak stress moment (represented as
tf)—namely, 105–211 µs—the dynamic force at both platforms of the FBD specimen is
approximately equal, indicating that the dynamic force equilibrium of the FBD specimen is
achieved in our tests. From Equation (4), the maximum stress in the tensile stress history
can be adopted to measure the tensile strength. Moreover, as shown in Figure 4b, the
slope of the pre-peak linear region of the stress history curve can be used to determine the
loading rate.
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3.2. Central Crack Initiation

As mentioned above, the central crack’s initiation should be carefully checked before
the interpretation of the results. Via virtual high-speed photography, the progressive failure
processes of FBD specimens under the condition of coupled static–dynamic loading were
completely recorded. To measure the progressive evolution of strain applied to the surface
of the specimen, high-speed photographs were analyzed using DIC technology. Figure 5
depicts the typical progressive fracturing processes of specimen SC-1, and the interval of
the legend; that is, the strain range is (−10~30) × 10−3. The first frame (at 0 µs) depicts
the initial state of the FBD specimen when the incident ramped wave first appears on the
interface of the incident bar and the specimen. At this moment, no obvious strain and
macroscopic cracks can be observed on the specimen surface. As loading continues, a
tensile crack first appears at the disc center, and a corresponding strain concentration band
appears. Note that the tensile stress history also reaches the maximum stress at the same
time (214.5 µs). Subsequently, as the strain concentration bands form and expand, the
central tensile crack horizontally propagates along the loading direction, and secondary
cracks also initiate from the edges of the platform during the post-peak stage. Eventually,
two strain concentration banks in the shape of an “X” are formed (275 µs), leading to the
final failure of the FBD specimen. For the whole failure process, the initiation of the central
crack was watched in the FBD specimen, and thus the important factor for a valid method
was guaranteed in our tests.

3.3. Influence of Loading Rate on the Dynamic Tensile Strength

By subtracting the pre-static tensile stress from the total tensile strength, the exper-
imental results—namely, dynamic tensile strength—are shown in Table 2. Figure 6a–e
exhibits the curves of dynamic tensile strength versus loading rate for the naturally satu-
rated FBD specimens with distinct pre-tension ratios of 0, 0.2, 0.4, 0.6, and 0.8, respectively.
Without considering the pre-static load, the dynamic tensile strength increases with the
loading rate. Taking the pre-tension ratio of 0.4 as a typical case, with the loading rate
increases from 54.36 GPa/s to 330.01 GPa/s, the dynamic tensile strength increases from
7.51 MPa to 17.47 MPa, showing a significant loading rate dependency.
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Table 2. Coupled static–dynamic FBD test results of naturally saturated sandstone specimens.

Pre-Tension Ratio Specimen No. Loading Rate
(GPa/s)

Dynamic Tensile Strength
(MPa)

0.0

SA-1 56.57 8.45
SA-2 73.93 10.83
SA-3 95.23 11.59
SA-4 241.27 16.29
SA-5 138.96 13.67
SA-6 187.53 14.24
SA-7 210.43 15.73
SA-8 274.03 17.22

0.2

SB-1 54.97 7.90
SB-2 81.80 11.14
SB-3 141.80 13.63
SB-4 202.47 15.51
SB-5 207.32 15.00
SB-6 249.47 16.52
SB-7 342.58 18.73
SB-8 318.16 17.95

0.4

SC-1 54.36 7.51
SC-2 102.41 11.06
SC-3 154.50 13.53
SC-4 176.01 14.26
SC-5 128.61 12.72
SC-6 283.03 16.56
SC-7 330.01 17.47
SC-8 251.10 15.81



Energies 2021, 14, 4784 9 of 18

Table 2. Cont.

Pre-Tension Ratio Specimen No. Loading Rate
(GPa/s)

Dynamic Tensile Strength
(MPa)

0.6

SD-1 54.02 7.05
SD-2 67.31 9.44
SD-3 124.20 11.79
SD-4 208.41 14.37
SD-5 210.74 14.83
SD-6 177.22 14.13
SD-7 300.60 16.54
SD-8 258.68 15.61

0.8

SE-1 58.37 6.73
SE-2 109.05 10.40
SE-3 157.40 12.56
SE-4 211.20 14.25
SE-5 226.02 14.46
SE-6 198.81 13.34
SE-7 333.09 16.31
SE-8 283.24 15.39Energies 2021, 14, x FOR PEER REVIEW 10 of 19 
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and (e) 4.4 MPa for group SE. Panel (f) shows the relationship between dynamic tensile strength and
loading rate at certain pre-tension ratios.
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To fit the empirical function of the dynamic tensile strength and the loading rate at a
certain static pre-tension ratio, the exponential function (S = σr + A

.
σ

B) was used to fit the
experimental results [32]:

S = 5.5 + 0.171
.
σ

0.763, R2 = 0.975
(
σpre/σst = 0

)
S = 4.4 + 0.267

.
σ

0.693, R2 = 0.975
(
σpre/σst = 0.2

)
S = 3.3 + 0.377

.
σ

0.640, R2 = 0.971
(
σpre/σst = 0.4

)
S = 2.2 + 0.564

.
σ

0.577, R2 = 0.983
(
σpre/σst = 0.6

)
S = 1.1 + 0.619

.
σ

0.564, R2 = 0.984
(
σpre/σst = 0.8

)
(6)

where S, σr, and σst are the dynamic tensile strength, residual tensile strength, and static
tensile strength of naturally saturated FBD specimens, respectively;

.
σ is the dynamic

loading rate; A and B are the correlation coefficients varied with pre-tension ratios; and
σpre is the pre-tension stress. Using Equation (6), the dynamic tensile strength of naturally
saturated sandstone under simultaneous dynamic and static loading can be predicted.

3.4. Influence of Pre-Tension on the Dynamic Tensile Strength

As revealed in Figure 6f, dynamic tensile strength not only displays rate dependency,
but is also affected by the pre-static load. To demonstrate, the dynamic tensile strength and
pre-tension ratio curves of specimen SC-1 at typical loading rates are exhibited in Figure 7.
It can be observed that as the static pre-tension ratio increases, the dynamic strength at
a specific loading rate consistently decreases accordingly. For instance, under a typical
loading rate of 200 GPa/s (green curve in Figure 7), as the pre-tension ratio increases from
0 to 0.8 at an interval of 0.2, the strength reductions of the naturally saturated specimen
are 0.34 MPa, 0.40 MPa, 0.30 MPa, and 0.81 MPa, respectively. Note that there are evident
turning points at the pre-tension ratio of 0.6. The test results can perhaps be interpreted
by the opening and generation of microcracks caused by static pre-tension [32]. In the
wake of the increase of the pre-static load, more closed cracks open and more microcracks
accumulate in the naturally saturated specimen, which decreases the dynamic tensile
strength. When the pre-tension ratio exceeds 0.6, the microcracking begins to accelerate,
inducing further reduction of the dynamic tensile properties.
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4. Discussion
4.1. Comparison of the Dynamic Tensile Strength between Natural and Naturally
Saturated Sandstone

To compare the dynamic tensile strength at natural and naturally saturated states, the
experimental data of coupled static–dynamic FBD tests from Pei et al. [32] are cited, and the
interpolation is applied to obtain the dynamic tensile strength in the loading rate range of
50–350 GPa/s with various pre-tensions (i.e., 1.1 MPa, 2.2 MPa, 3.3 MPa, and 4.4 MPa). As
shown in Figure 8a,b, rocks in both natural and naturally saturated states, at various loading
rates and pre-tension ratios, show a similar tendency for the dynamic tensile strength—
namely, it increases with increasing loading rate, while decreasing with an increase in the
pre-tension ratio. Figure 9a–e illustrates the variation of the dynamic tensile strength in
natural and naturally saturated sandstone versus loading rate. Moreover, we can find that
the dynamic tensile strength of naturally saturated sandstone is lower than that of natural
sandstone in the event of a similar loading rate, indicating the overall degradation in the
mechanical properties of the naturally saturated sandstone. To quantitatively analyze the
rate effect of tensile strength, the rate effect difference is presented as the derived difference
in the tensile strength fitting formula concerning the loading rate for natural and naturally
saturated rocks, as exhibited in Table 3, in which the tensile strength-fitting formulae
of natural and naturally saturated rocks are taken from Pei et al. [32] and Equation (6),
respectively. The upper and lower limits of rate effect difference are calculated as follows:

∣∣∣∣∆ ∂S
∂
•
σt

∣∣∣∣
upper

=

∣∣∣∣ ∂Ssat

∂
•
σt

− ∂Snat

∂
•
σt

∣∣∣∣
max∣∣∣∣∆ ∂S

∂
•
σt

∣∣∣∣
lower

=

∣∣∣∣ ∂Ssat

∂
•
σt

− ∂Snat

∂
•
σt

∣∣∣∣
min

(7)

where
∣∣∣∣∆ ∂S

∂
•
σt

∣∣∣∣
upper

and
∣∣∣∣∆ ∂S

∂
•
σt

∣∣∣∣
lower

are the upper and lower limits of rate effect difference,

respectively; and ∂Ssat

∂
•
σt

and ∂Snat

∂
•
σt

are the derivatives of the tensile strength fitting formula

concerning the loading rate for natural and naturally saturated rocks, respectively—namely,
the rate effect for natural and naturally saturated rocks.

Table 3. Rate effect difference of natural and naturally saturated sandstone specimens.

Pre-Tension Ratio Upper Limit of Rate Effect
Difference (%)

Lower Limit of Rate Effect
Difference (%)

0.0 7.40 0.78
0.2 9.09 1.51
0.4 8.36 0.39
0.6 7.99 0.75
0.8 17.14 2.25

According to Figure 8c, it can be found that when the pre-tension ratio is less than 0.6,
the upper and lower limits of rate effect difference are relatively stable. However, when the
pre-tension ratio reaches 0.8, the upper and lower limits of rate effect difference increase
sharply, from 7.99% to 17.14% and 0.75% to 2.25%, respectively. The above phenomenon
reveals that the presence of pore water can influence the rate effect of rock to some extent,
and that the opening and generation of microcracks caused by a pre-tension ratio of
0.8 increases the influence of pore water on the rate effect of the tensile strength of rocks.

Combining high-speed photographs with DIC technology, the progressive fracture
process of specimen NC-1 (from Pei et al. [32]) is shown in Figure 10, which shares a
similar loading rate and pre-tension rate with specimen SC-1. The range of the legend in
Figure 10—that is, the strain range—is (−10~30) × 10−3. At 258.5 µs, the specimen cracks
first at the center of the disc, and an evident strain concentration bank occurs. As loading
continues, secondary cracks appear on the edges of the two flat ends. Subsequently, with
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the propagation and coalescence of cracks, two strain concentration banks in the shape
of an “X” are gradually formed, leading to the final failure. Compared with Figure 5, it
can be observed that the progressive fracture processes of naturally saturated and natural
specimens are similar; they both display central crack initiation and the occurrence of
secondary cracks at the ends of the specimens. Finally, both specimens fail accompanied
by two strain concentration banks in the shape of an “X”.
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4.2. Micromechanism of Dynamic Tensile Strength Reduction Induced by Water Effects

The weakening effects of water have been widely researched and recognized with
respect to the physical and mechanical properties of rock materials [9–13]. The softening
coefficient (K) was introduced to evaluate the weakening effect of water on the dynamic
tensile strength of sandstone under various external forces, while k is delimited as the
specific value of the tensile strength of the naturally saturated sandstone relative to that of
the natural sandstone:

K =
f
F

(8)

where f and F represent the tensile strength of sandstone in naturally saturated and natural
states, respectively. Thus, the softening coefficient K0 of static tensile strength can be
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calculated—namely, K0 = 0.803. This can be explained by the fact that the hydrophilic clay
minerals in rocks are partially dissolved in the pore water, resulting in reduced cementation
strength between the mineral particles, while the friction coefficient between mineral
particles will be reduced after saturation, inducing a reduction in the load-bearing capacity.
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Figure 10. Progressive fracture process of a dry FBD specimen under coupled static–dynamic loading.

Figure 9f shows the variation of the softening coefficient versus the loading rate
under different pre-tensions. It can be found that, under lower loading rates, the softening
coefficient of naturally saturated rocks under pre-static loads is less than the static softening
coefficient K0. Moreover, the larger the pre-static load, the smaller the softening coefficient,
which indicates that the pre-static load can weaken the dynamic tensile strength of naturally
saturated rocks. This can be interpreted, as regards the weakening effect of water on pre-
static load, as follows: Firstly, the pre-static load causes compressive deformation of FBD
specimens, resulting in the generation of pore water pressure and the migration of pore
water to the crack tip in the saturated pores. Moreover, the wedging effect in the saturated
pores [34,42], which is induced by pore water under external loads, further promotes
the propagation of microcracks, leading to a reduction in tensile strength, as shown in
Figure 11a. In addition, when the pre-tension ratio is 0.6 and the loading rate is 54 GPa/s,
the time of central crack initiation in naturally saturated rocks and natural rocks is 214.5 µs
(Figure 5) and 258.5 µs (Figure 10), respectively, which proves that the pre-static load can
weaken the dynamic tensile properties of naturally saturated rocks.

It can be clearly seen from Figure 9f that the softening coefficient gradually increases
with the increase in loading rate from—that is, the weakening effects induced by water
decrease with loading rate—and the Stefan effect can be used to explained this phenomenon.
As shown in Figure 11c, when two plates with a radius of r and a distance of h are separated
at a speed

.
h, the viscous fluid between the plates will generate a reaction force Ps to prevent

the two plates from separating. According to the Stefan effect, for saturated rocks, the
pore water is considered to be the viscous fluid, while the mineral particles on both sides
of the pores are equivalent to the two plates, as shown in Figure 11b,c [43–45]. When
naturally saturated rocks are subjected to dynamic loads, much like saturated rocks, the
mineral particles bear tensile stress and tend to separate from one another. The higher
the loading rate, the faster the separation speed of mineral particles, resulting in a larger
reaction force to restrain the separation of the mineral particles. Therefore, the softening
coefficient decreases with loading rate.
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Figure 11. Pore water effect on rock under coupled static–dynamic loading: (a) pore water pressure
under pre-static load promotes crack growth; (b) Stefan effect hinders crack growth under dynamic
load; (c) a schematic diagram of the Stefan effect.

5. Conclusions

In this study, coupled static–dynamic FBD tests were conducted to explore the tensile
behavior of naturally saturated sandstone using a modified SHPB device. Five groups
of specimens with pre-tension ratios of 0, 0.2, 0.4. 0.6, and 0.8 were tested under a wide
loading rate range of 50–300 GPa/s. By careful use of a pulse-shaping technique, the
dynamic force equilibrium of the FBD specimens was achieved, and the initiation of the
central crack was also observed using high-speed photography and DIC technology. Our
experimental results comprehensively revealed the influences of loading rate and pre-static
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load on the tensile failure mechanism of naturally saturated sandstone. The dynamic
tensile strength of naturally saturated sandstone increases with an increase in loading rate
at a certain pre-static load, showing an obvious loading rate dependency. Under similar
loading rate conditions, the dynamic tensile strength of naturally saturated sandstone
decreases with increasing pre-static load, indicating that the pre-tension weakens the
dynamic tensile strength of naturally saturated sandstone. Compared with the natural
sandstone specimens, the tensile strength of naturally saturated sandstone specimens was
lower at a certain pre-tension ratios and loading rates, while both specimens displayed a
similar tensile failure process. The comprehensive micromechanism of water’s effects on
the dynamic tensile failure of naturally saturated sandstone was discussed, and explained
by the weakening effects of water on mechanical properties, the water-wedging effect, and
the Stefan effect.
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