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Abstract: Water–rock interactions can significantly deteriorate the physical and mechanical properties
of rocks, and it has been identified as one of the significant factors influencing the stability and
safety of structures in rock–soil engineering. In this study, the fracture mechanical properties of
sandstone under periodic water–rock interactions and long-term immersion have been studied with
central cracked Brazilian disk specimens. The degradation mechanism of water–rock interactions
was also studied using a scanning electron microscope (SEM). Finally, the generalized maximum
tangential stress and generalized maximum tangential strain criteria were adopted to evaluate the
experimental results. The results show that periodic water–rock interactions can remarkably affect
the fracture resistance of sandstone. With the increase in the number of cycles, the pure mode I, pure
mode II, and mixed mode fracture toughness decreases greatly, however, the values of KIf/KIC and
KIIf/KIC decrease slightly. Furthermore, the fracture resistance of sandstone influenced by cyclic
wetting–drying is more significant than long-term immersion. Moreover, the fracture criteria, which
considers the effect of T-stress, can reproduce the test results very well.

Keywords: water–rock interaction; degradation mechanism; mixed mode fracture resistance; fracture
criteria; T-stress

1. Introduction

In engineering practices, such as tunneling, mining, oil and gas exploration, and excavation,
the deformation and failure of rock materials is generally accompanied with water. These failures are
strongly associated with water–rock interactions, such that many geological disasters like earthquakes,
debris flow, landslides, and ground subsidence, have occurred in recent years. Water–rock interactions
can significantly deteriorate the physical and mechanical properties of rocks, and they have been
identified as one of the significant factors influencing the stability and safety of structures in rock–soil
engineering and tunnel engineering [1–3].

In recent years, several studies on water content affecting the mechanical properties of different
types of rocks, including uniaxial compressive strength, cohesion resistance, tensile strength,
and fracture resistance, have been conducted by researchers [4–12]. The results showed that even if
the water content had a small increment, it might make the strength and stiffness of the rocks reduce
remarkably, which means that the water content could significantly degrade the mechanical properties
of rock materials. Furthermore, the subcritical crack growth of sandstone and igneous rock affected by
the relative humidity was studied by Nara et al. [13,14]. Tang et al. [15] performed numerous fracture
tests with three-point bending samples so as to investigate the change of rules of the mode I fracture
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resistance of different types of rocks after soaking in a hydrochemical solution. Li et al. [16] also studied
the deformation and strength properties of rock in an acid solution, and proposed a chemical damage
model to predict the degradation of the rock strength and deformability.

In addition to the short or long term immersion, rock masses may also be subjected to
periodic drying and wetting because of rain or changes in the groundwater level. Therefore,
several experimental studies on periodic wetting–drying affecting the physical and mechanical
properties of rocks have been performed in recent decades [17–26]. In addition, Yuan and Ma [27],
and Zhou et al. [28,29] studied the dynamic mechanical behavior of selected sandstones under cyclic
wetting–drying. The cyclic wetting–drying and freezing–thawing effects on some of the mechanical
parameters of the selected rock materials were studied by Hale and Shakoor [30], Khanlari and
Abdilor [31], and Özbek [32]. Moreover, Li and Zhang [33] proposed a damage model, which
considered the wetting and drying effect, to characterize the variation in the uniaxial compressive
stress–strain for sandstone. Liu et al. [34] analyzed the strength deterioration and the variations in
the micro-structures of the shaly sandstone samples under wetting–drying cycles by using the PFC2D
(particle flow code in two-dimensions) software. More recently, Zhao et al. [35] performed Brazilian
disk splitting tests to study the influence of long-term soaking and periodic wetting and drying on the
tensile strength of a selected rock.

It was found that the deterioration effects of periodic wetting–drying on different mechanical
parameters for the same rock were significantly different. However, there was a common viewpoint
that the strength of the rock would degrade after periodic wetting–drying, and the damage to the rocks
was irreversible and progressive. The mechanical parameters in the aforementioned studies were
mainly compressive strength, cohesion resistance, tensile strength, shear strength, and so on. However,
studies on the fracture mechanical properties of the rocks affected by periodic water–rock interactions
and long-term immersion are scarce [1–3,9,15,36]. It has not yet been incompletely understood how the
mixed mode fracture behavior of rocks is influenced by periodic water–rock interactions and long-term
immersion. In particular, the differences between the degradation effects of these two occurrences
have not been entirely clarified.

The purpose of this study is to examine how the mixed mode fracture resistance of sandstone
is influenced by periodic water–rock interactions and long-term immersion using central cracked
Brazilian disk (CCBD) specimens. The degradation mechanism of water–rock interactions was also
studied using a scanning electron microscope (SEM) in this research. Furthermore, the generalized
maximum tangential stress (GMTS) and generalized maximum tangential strain (GMTSN) criteria
were adopted to evaluate the experimental results.

2. Materials and Methods

There are many experimental methods and test configurations to determine the fracture resistance
of brittle or quasi-brittle materials. Some well-known test configurations are the CCBD specimen,
semi-circular bend specimen, compact tension shear specimen, edge cracked four-point bend beam
specimen, notched three-point bend specimen, inclined center crack plate, and so on. Among
these specimens, the CCBD specimen is frequently used to conduct mixed mode fracture tests
on rock materials, owing to the existence of analytical expressions for stress intensity factors and
the easy realization of complete mode combinations of mode I and mode II [37–39]. In addition,
the cracked chevron notched Brazilian disc specimen, which is one of the CCBD specimens, has
been suggested by the International Society for Rock Mechanics (ISRM) for determining the pure
mode I fracture toughness of rocks [40]. In this research, the CCBD specimen is employed for
measuring the mixed mode fracture resistance of sandstone under cyclic wetting–drying and long-term
immersion conditions.
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2.1. Stress Intensity Factors for the CCBD Specimens

Figure 1 represents a diagram of the CCBD specimen with thickness t and diameter D subjected
to radial load P. The initial crack length in the Brazilian disk is represented by 2a, and the loading
angle is β. The analytical expressions of the mode I and mode II stress intensity factors KI and KII were
deduced by Dong et al. [41], as follows:

KI = σ
√

πa ·YI = σ
√

πa

[
f11 + 2

n

∑
i=1

A1i f1iα
2(i−1)

]
(1)

KII = σ
√

πa ·YII = σ
√

πa ·
[

2
n

∑
i=1

A2i f2iα
2(i−1)

]
(2)

where α = a/R; σ = P/(πtR); and YI, YII are the normalized forms of KI and KII, respectively.
The coefficients fji and Aji (i = 1, 2, 3, · · · n; j = 1, 2) in the above expressions can be found in the
paper by Dong et al. [41]. According to the authors of [1,41], the sum coefficient n = 100 is adopted to
ensure the calculating precision of stress intensity factors in this paper.
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Figure 1. Diagram of a central cracked Brazilian disk (CCBD) specimen under compression. 

2.2. Sample Preparation and Testing Procedure 

In this study, all of the sandstone specimens were extracted from the same rock mass with fine 
particles and good homogeneity, which came from Ziyang City, Sichuan Province, China. The main 
mineralogical compositions of the selected sandstone were quartz, clinochlore, albite, and gordonite, 
according to the X-ray diffraction (XRD, PANalytical B.V., Almelo, Netherlands) analyses. The 
sandstone had a moisture content of 1.20%, dry density of 2.24 g/cm3, water absorption of 6.18%, 
Poisson's ratio of 0.21, and tensile strength of 2.68 MPa. In addition, the microstructure of the intact 
sandstone was observed using SEM (JEOL, Tokyo, Japan). It showed many pores, faults, and micro-
cracks in the intact sandstone (Figure 2), which enabled the occurrence of water–rock interactions [3]. 
  

Figure 1. Diagram of a central cracked Brazilian disk (CCBD) specimen under compression.

2.2. Sample Preparation and Testing Procedure

In this study, all of the sandstone specimens were extracted from the same rock mass with fine
particles and good homogeneity, which came from Ziyang City, Sichuan Province, China. The main
mineralogical compositions of the selected sandstone were quartz, clinochlore, albite, and gordonite,
according to the X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands) analyses.
The sandstone had a moisture content of 1.20%, dry density of 2.24 g/cm3, water absorption of
6.18%, Poisson’s ratio of 0.21, and tensile strength of 2.68 MPa. In addition, the microstructure of
the intact sandstone was observed using SEM (JEOL, Tokyo, Japan). It showed many pores, faults,
and micro-cracks in the intact sandstone (Figure 2), which enabled the occurrence of water–rock
interactions [3].



Processes 2019, 7, 70 4 of 15
Processes 2018, 6, x FOR PEER REVIEW  4 of 16 

 

 

 

Figure 2. The typical microstructure photograph of the intact sandstone sample. 

The CCBD specimen was employed for measuring the mixed mode fracture resistance of 
sandstone under water–rock interactions. The nominal diameter and thickness of the CCBD specimen 
were 75 mm and 25 mm, respectively. According to the analysis of Dong [42], a relative crack length 
a/R ranging from 0.4 to 0.6, is recommended to conduct a fracture test with a CCBD specimen. 
Therefore, a relative crack length of 0.5 for all the CCBD specimens was considered. According to 
Dong et al. [41], the pure mode I crack could be achieved when the loading angle was 0°. Moreover, 
the loading angle was 23° for a pure mode II crack when a/R = 0.5. Hence, when adjusting the loading 
angle from 0° to 23°, the complete mode combinations of mode I and mode II can be conveniently 
obtained. In this study, four different scenarios with the CCBD specimens loaded by 0°, 10°, 15°, and 
23° were considered for the fracture tests. 

Water–rock interactions were performed under the following two different treatment 
conditions: cyclic wetting–drying and long-term immersion. In each wetting–drying cycle, the 
sandstone samples were completely submerged in water for two days in order to reach the saturated 
state at atmospheric conditions. The specimens were then removed and heated in an oven at 105 °C 
for one day, and subsequently, the samples were cooled to an atmospheric temperature [3,22,30]. 
However, for the long-term immersion, it was considered as a single cycle when the sandstone 
samples were completely soaked in water for three days. The sandstone specimens were subjected to 
three and seven cycles with these two treatment approaches, respectively. After the samples 
underwent the required number of cycles, they were once again completely submerged in water for 
two days for fracture tests. It should be noted that the intact sandstone specimens soaked in water 
for only two days were considered to have undergone no cycle. In addition, the intact sandstone 
samples that did not undergo any treatment were also measured in this study. 

The fracture experiments were performed with an electronic universal material testing machine 
(Shenzhen Reger Instrument, Shenzhen, China) for loading at a rate of 0.05 mm/min for all of the 
samples [43–46]. At least four CCBD specimens of sandstone in each group were successfully 
measured. During each test, the load–deformation behavior of the sandstone specimen from initial 
loading to final failure were completely recorded by the testing system. Figure 3 represents the failure 
modes of some of the sandstone specimens after undergoing water–rock interactions. It is observed 
that the crack propagation path is always along the initial crack line when the loading angle is 0° 
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Figure 2. The typical microstructure photograph of the intact sandstone sample.

The CCBD specimen was employed for measuring the mixed mode fracture resistance of
sandstone under water–rock interactions. The nominal diameter and thickness of the CCBD specimen
were 75 mm and 25 mm, respectively. According to the analysis of Dong [42], a relative crack length a/R
ranging from 0.4 to 0.6, is recommended to conduct a fracture test with a CCBD specimen. Therefore, a
relative crack length of 0.5 for all the CCBD specimens was considered. According to Dong et al. [41],
the pure mode I crack could be achieved when the loading angle was 0◦. Moreover, the loading angle
was 23◦ for a pure mode II crack when a/R = 0.5. Hence, when adjusting the loading angle from
0◦ to 23◦, the complete mode combinations of mode I and mode II can be conveniently obtained.
In this study, four different scenarios with the CCBD specimens loaded by 0◦, 10◦, 15◦, and 23◦ were
considered for the fracture tests.

Water–rock interactions were performed under the following two different treatment conditions:
cyclic wetting–drying and long-term immersion. In each wetting–drying cycle, the sandstone samples
were completely submerged in water for two days in order to reach the saturated state at atmospheric
conditions. The specimens were then removed and heated in an oven at 105 ◦C for one day,
and subsequently, the samples were cooled to an atmospheric temperature [3,22,30]. However, for the
long-term immersion, it was considered as a single cycle when the sandstone samples were completely
soaked in water for three days. The sandstone specimens were subjected to three and seven cycles with
these two treatment approaches, respectively. After the samples underwent the required number of
cycles, they were once again completely submerged in water for two days for fracture tests. It should
be noted that the intact sandstone specimens soaked in water for only two days were considered to
have undergone no cycle. In addition, the intact sandstone samples that did not undergo any treatment
were also measured in this study.

The fracture experiments were performed with an electronic universal material testing machine
(Shenzhen Reger Instrument, Shenzhen, China) for loading at a rate of 0.05 mm/min for all of the
samples [43–46]. At least four CCBD specimens of sandstone in each group were successfully measured.
During each test, the load–deformation behavior of the sandstone specimen from initial loading to
final failure were completely recorded by the testing system. Figure 3 represents the failure modes
of some of the sandstone specimens after undergoing water–rock interactions. It is observed that the
crack propagation path is always along the initial crack line when the loading angle is 0◦ (pure mode
I). However, when the CCBD specimens are under pure mode II or mixed mode loading, the crack
extends in the direction deviating from the initial crack.
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3. Experimental Results and Discussion

3.1. Water–Rock Interactions Affecting Fracture Resistance of Sandstone

Many fracture tests have been performed on sandstone under periodic water–rock interactions
and long-term immersion with CCBD specimens. The fracture toughness of the sandstone samples
determined from Equations (1) and (2) are listed in Table 1. Moreover, the averaged values of the pure
mode I, pure mode II, and mixed mode fracture toughness of this sandstone are shown in Figure 4. It is
observed that the mean values of the pure mode II fracture toughness are always greater than those
of pure mode I for the sandstone samples under the same treatment conditions. This is very similar
to the experimental results obtained with the CCBD specimens reported in the literature [43,47–49].
In addition, the pure mode I, pure mode II, and mixed mode fracture toughness of the intact sandstone
are always larger than those of the sandstone after undergoing water–rock interactions. This is mainly
because the sandstone samples are in a water-saturated state after undergoing water–rock interactions,
and the water content within the sandstone is very high, which has been identified as an important
factor for lowering the strength of rocks [8–10].

As observed in Figure 4, the pure mode I, pure mode II, and mixed mode fracture toughness of the
sandstone samples decrease with the increase in the number of cycles under both cyclic wetting–drying
and long-term immersion conditions. For the sandstone samples under cyclic wetting–drying, when
the samples undergo none, three, and seven cycles, the mean values of the pure mode I and pure
mode II fracture toughness are 0.232, 0.174, and 0.148 MPa m0.5; and 0.341, 0.246, and 0.204 MPa m0.5,
respectively. The pure mode I fracture toughness decreases by 25.0% for the three-cycle case and 36.2%
for the seven-cycle case compared with those of the saturated sandstone (no cycle). The pure mode II
fracture toughness decreases by 27.9% and 40.2% after cyclic wetting–drying for the three-cycle and
seven-cycle cases, respectively. This indicates that the pure mode II fracture toughness influenced by
cyclic wetting–drying is more significant than the pure mode I fracture toughness.

For the sandstone samples under long-term immersion conditions, when the samples undergo
three and seven cycles, the pure mode I fracture toughness is 0.187 and 0.173 MPa m0.5, respectively,
which decrease by 19.4% and 25.4%, respectively, after water–rock interactions. However, the pure
mode II fracture toughness corresponding to three and seven cycles are 0.267 and 0.247 MPa m0.5,
respectively, which decrease by 21.7% and 27.6%, respectively. These values show that the effect
on the pure mode II fracture toughness under long-term immersion is more significant, which is
similar to the treatment condition of cyclic wetting–drying. After three cycles, the pure mode I and
pure mode II fracture toughness of sandstone under long-term immersion decrease by 19.4% and
21.7%, respectively, which are smaller than the corresponding values of 25.0% and 27.9%, respectively,
under cyclic wetting–drying. A similar phenomena is also observed when the number of cycles
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is seven. In conclusion, the fracture resistance of sandstone is more significantly affected by cyclic
wetting–drying than long-term immersion.

Table 1. Test values of fracture toughness for sandstone under different water–rock interaction conditions.

Treatment
Conditions

Number
of Cycles

Fracture Toughness K/MPa m0.5

KIC
(β = 0◦)

KIf
(β = 10◦)

KIIf
(β = 10◦)

KIf
(β = 15◦)

KIIf
(β = 15◦)

KIIC
(β = 23◦)

Intact -

0.332 0.264 0.298 0.188 0.443 0.502
0.327 0.275 0.312 0.171 0.404 0.509
0.348 0.272 0.308 0.185 0.434 0.498
0.344 0.257 0.291 0.177 0.415 0.485

Saturation 0

0.224 0.181 0.206 0.119 0.285 0.337
0.231 0.174 0.199 0.127 0.304 0.372
0.245 0.199 0.228 0.122 0.291 0.327
0.229 0.191 0.218 0.113 0.268 0.326

Cyclic wetting
and drying

3

0.173 0.136 0.152 0.089 0.211 0.246
0.180 0.136 0.155 0.085 0.203 0.239
0.164 0.141 0.158 0.088 0.212 0.255
0.177 0.133 0.151 0.092 0.223 0.245

7

0.145 0.115 0.131 0.077 0.185 0.198
0.143 0.114 0.130 0.072 0.172 0.210
0.156 0.111 0.127 0.080 0.190 0.215
0.148 0.117 0.133 0.073 0.174 0.193

Long-term
immersion

3

0.180 0.148 0.168 0.091 0.215 0.250
0.183 0.144 0.162 0.097 0.232 0.290
0.195 0.134 0.151 0.094 0.221 0.258
0.188 0.144 0.162 0.099 0.236 0.268

7

0.180 0.133 0.151 0.086 0.204 0.235
0.184 0.123 0.139 0.082 0.197 0.251
0.159 0.126 0.143 0.093 0.224 0.245
0.171 0.140 0.159 0.089 0.212 0.255Processes 2018, 6, x FOR PEER REVIEW  6 of 16 
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In order to compare the mixed mode fracture toughness of sandstone conveniently, the concept
of effective fracture toughness (Keff) is introduced, and it can be calculated by the following
formula [3,50,51]:

Keff =
√

K2
I + K2

II (3)

Figure 5 shows the effective fracture toughness of the sandstone samples under long-term
immersion and cyclic wetting–drying conditions. As seen from Figure 5, the values of Keff for sandstone
under four different loading angles always decrease with the increasing number of cycles in both
cyclic wetting–drying and long-term immersion conditions. When the sandstone samples with a
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loading angle of 10◦ undergo none, three, and seven wetting–drying cycles, the effective fracture
toughness values Keff are 0.283, 0.206, and 0.173 MPa m0.5, respectively, which are reduced by 27.3%
and 38.8%, respectively, compared with the saturated sandstone. However, for the sandstone samples
loaded by 15◦, the values of Keff decrease by 26.0% and 37.3% after undergoing three and seven cycles,
respectively. Furthermore, after seven wetting–drying cycles, when the loading angle changes from
0◦ (pure mode I), 10◦, 15◦, and 23◦ (pure mode II), the effective fracture toughness Keff decreases by
36.2%, 38.8%, 37.3%, and 40.2%, respectively. It shows that the degradation effect on pure mode II and
mixed mode fracture toughness is more significant, which has also been reported by Hua et al. [3] for
another type of rock.
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For the sandstone samples with a loading angle of 10◦ under long-term immersion, the effective
fracture toughness Keff corresponding to three and seven cycles are 0.215 and 0.197 MPa m0.5,
respectively, which are reduced by 24.0% and 30.3%, respectively, when compared with the saturated
sandstone. For the case of 15◦, the values of Keff corresponding to three and seven cycles are reduced
by 21.2% and 27.0%, respectively, for sandstone under long-term immersion. In addition, it is observed
that the degradation effect of long-term immersion on pure mode I fracture toughness is the weakest,
which is very similar to the cyclic wetting–drying process.

Moreover, in Figure 5, the values of Keff for sandstone under long-term immersion are always
larger than that under cyclic wetting–drying for the same number of cycles (except for no cycle).
For example, when the sandstone is loaded by 10◦, the values of Keff for sandstone under long-term
immersion and cyclic wetting–drying are 0.215 and 0.206 MPa m0.5, respectively, after undergoing
three cycles each. Furthermore, for the case of 15◦, the reduction of Keff for sandstone undergoing
seven wetting–drying cycles is approximately 37.3%, which is larger than the corresponding value of
27.0% under long-term immersion. This behavior is similar for the other loading angles of 0◦ and 23◦.
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Hence, we can conclude that the fracture resistance of sandstone influenced by cyclic wetting–drying
is more significant when compared with the case of long-term immersion.

3.2. The Degradation Mechanism of Water–Rock Interactions

As we known, the mechanical properties of rocks are closely associated with the mineralogical
compositions and microstructure [3,28,34]. SEM is used to observe the changing regularity of the
microstructure of the sandstone samples under the two treatment conditions of long-term immersion
and cyclic wetting–drying. Figure 6 shows the photomicrographs at ×500 magnification for the
sandstone samples undergoing three and seven cycles under the two treatment conditions. As shown
in Figure 6a, the pores between the mineral particles increased gradually, and some particle structures
tended to be loose. The new secondary micro-cracks appeared along the boundary of the mineral
particles after three cycles. Furthermore, the exfoliated particles increased and the pore size of the
sandstone sample increased gradually after seven cycles, which is observed in Figure 6b. When the
samples were immersed in an aqueous solution, the water molecules moved gradually towards the
interior of the rock mass owing to the pores, micro-cracks, faults, and the contact surfaces between
the mineral particles. Furthermore, the aqueous solution could dissolve some soluble minerals and
cements of the sandstone, increase the porosity (or water content), and consequently reduce the
cohesive force between the mineral particles.Processes 2018, 6, x FOR PEER REVIEW  9 of 16 
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Figure 6. Scanning electron microscope (SEM) photomicrographs of sandstone samples after
water–rock interactions.

The treatment procedure of cyclic wetting–drying in this experiment actually included not only
wetting and drying, but also heating and cooling processes. After soaking, the sandstone samples
were heated in an oven. Heating the sandstone samples directly might induce thermal damage to the
sandstone, and this thermal damage to the rock was very large because of the higher water content
in the sandstone after the wetting procedure. The presence of water in the rocks is considered a
precondition for the occurrence of heating and cooling degradation [30]. The efficacy of heating
degradation of the moisture-laden rock stems, in part, from the ability of the heated water to mobilize
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the soluble minerals towards the rock surface, resulting in the increased porosity of the rock. In addition,
owing to the different thermal expansion coefficients of various minerals of sandstone, the mineral
particles expanded and squeezed with each other when the sandstone samples were heated, however,
the mineral particles contracted during the cooling process [3]. These processes led to the propagation
of the micro-cracks and pores between the mineral particles, or produced new secondary micro-cracks
(see Figure 6c,d).

It can be also found from Figure 6 that the size and quantity of the micro-cracks (or pores)
between the mineral particles under the treatment condition of cyclic wetting–drying increased
more significantly when compared with long-term immersion with the same number of cycles.
This indicates that the degradation effect of cyclic wetting–drying was more remarkable than the
long-term immersion, which is completely consistent with the test results. In short, the water–rock
interaction was a gradual process of physical and chemical damage accumulation, which dissolved
some soluble minerals and cements, reduced the adhesive forces between the mineral particles, made
the micro-cracks and pores between the mineral particles propagate or produce new secondary
micro-cracks, and consequently changed the microstructure of the sandstone. These changes in the
microstructure characteristics were the basic reasons for the weakening of the fracture resistance of
the sandstone.

4. Analysis According to the GMTSN Criterion

The GMTSN criterion was developed by considering the influence of T-stress on the maximum
tangential strain (MTSN) criterion [52], which was primitively put forward by Ayatollahi and
Abbasi [53]. Mirsayar [54] proposed a similar strain-based criterion and employed it to evaluate
the fracture mechanical behavior of polymethyl methacrylate. Hua et al. [50] extended the GMTSN
criterion by considering both plane strain and plane stress conditions, and made use of it to evaluate
the brittle fracture behaviors of the CCBD specimens made of graphite and rock materials. More
recently, the GMTSN criterion has been frequently employed to evaluate the onset of the fracture of
different materials [51,55–57]. Based on the GMTSN criterion [50,53,54], the crack initiation angle (θ0)
can be calculated using the following formula:

YI[(5− 8κ) sin
θ0

2
− 3 sin

3θ0

2
] + YII[(5− 8κ) cos
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where YI0 and TI
∗ are the normalized stress intensity factor and T-stress for pure mode I loading,

respectively. For the CCBD specimens, the values of YI and YII can be easily calculated according
to Equations (1) and (2), and the T-stress can also be obtained by an analytical formula developed
by Hua et al. [58]. In this study, when the CCBD specimens with a/R = 0.5 are loaded by 0◦, 10◦,
15◦, and 23◦, the corresponding dimensionless T-stresses are −5.790, −4.634, −3.465, and −1.483,
respectively. If the values of YI, YII, T*, r0, and ν are known, one can obtain the crack initiation angle
(θ0) from Equation (4), and the corresponding ratios of KIf/KIC and KIIf/KIC can be also calculated
according to Equations (5) and (6). It is noteworthy that the strain-based GMTSN criterion can be
simplified to the stress-based GMTS criterion when the Poisson’s ratio is v = 0 [50].

In order to use the GMTSN criterion, it is necessary to know the value of the critical distance
around the crack tip r0. This value is associated with the tensile strength σt and pure mode I fracture
resistance KIC, and can be calculated as follows [3,48,59]:

r0 =
1

2π

(
KIC

σt

)2
(8)

For obtaining the critical distance r0, the tensile strength of this sandstone was measured by the
Brazilian splitting method. Before measurement, the treatment process of the Brazilian disk samples
was completely consistent with that of the CCBD specimens. At least four Brazilian disk samples were
successfully tested in each group, and the averaged values of the tensile strength σt are summarized
in Table 2. Furthermore, the values of the critical distance r0 determined according to Equation (8)
are also shown in Table 2, which would be used to compute the values of θ0, KIf/KIC, and KIIf/KIC

according to Equations (4)–(6).

Table 2. The values of critical distance r0 for sandstone under different water–rock interaction conditions.

Treatment Conditions Number
of Cycles

Tensile Strength
σt/MPa

Mode I Fracture
Toughness

KIC/MPa m0.5

Critical Distance
r0/mm

Intact - 2.677 0.338 2.54
saturation 0 1.897 0.232 2.38

Cyclic wetting and drying 3 1.483 0.174 2.17
7 1.312 0.148 2.03

Long-term immersion 3 1.621 0.187 2.12
7 1.536 0.173 2.02

Figure 7 represents the comparison of the experimental values and theoretical predictions based
on the fracture criteria. As observed from Figure 7, the test values are always larger than the theoretical
predictions according to the conventional maximum tangential stress (MTS) and the MTSN criteria.
This is because the MTSN and MTS criteria only consider the stress intensity factors and neglect the
influence of T-stress. Moreover, the test results agree well with the theoretical predictions according
to the GMTSN and GMTS criteria, which consider the influence of T-stress. For example, when
the sandstone samples with a loading angle of 10◦ undergo none, three, and seven wetting-drying
cycles, the test values of KIf/KIC are 0.803, 0.784, and 0.772, and the values of KIIf/KIC are 0.917,
0.885, and 0.880, respectively. Based on the GMTSN criterion, the theoretical predictions of KIf/KIC

are 0.815, 0.807, and 0.802, and those of KIIf/KIC are 0.935, 0.926, and 0.919, corresponding to none,
three, and seven wetting–drying cycles, respectively. According to the GMTS criterion, the theoretical
predictions of KIf/KIC are 0.783, 0.776, and 0.772, and those of KIIf/KIC are 0.898, 0.890, and 0.885,
corresponding to none, three, and seven wetting–drying cycles, respectively. The relative errors
between the experimental values and the theoretical predictions based on the GMTSN and GMTS
criteria are less than 5.0%. Furthermore, for the sandstone samples subjected to long-term immersion
for three cycles, the measured values of KIf/KIC and KIIf/KIC are 0.762 and 0.860, respectively.
According to the GMTSN and GMTS criteria, the theoretical values of KIf/KIC and KIIf/KIC are
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0.806 and 0.775, and 0.924 and 0.889, respectively. These results show that both the GMTSN and GMTS
criteria can evaluate the experimental results very well. In addition, the experimental results indicate
that the values of KIf/KIC and KIIf/KIC decrease slightly with the increasing number of cycles under
the conditions of cyclic wetting–drying and long-term immersion.
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As shown in Figure 7, variations still exist between the experimental values and theoretical
predictions of KIIC/KIC based on the GMTS criterion when approaching the pure mode II loading
condition. To discuss the pure mode II case, the theoretical and experimental values of KIIC/KIC are
summarized in Table 3. We observed that the theoretical predictions according to the GMTSN criterion
are closer to the testing values as compared with the GMTS criterion, which indicates that the GMTSN
criterion can provide a better prediction for pure mode II. For instance, the ratio of KIIC/KIC is 1.468
for the water-saturated sandstone, and 1.395 and 1.163 according to the GMTSN and GMTS criteria,
respectively. This phenomenon can be also observed for sandstone under other treatment conditions.
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Further study shows that the maximum relative error between the experimental values and theoretical
predictions according to the GMTSN criterion is less than 7.0%. Compared with the GMTS criterion,
the GMTSN criterion considers not only the influences of multiple stress components (σr, σθ, and σz)
around the crack tip, but also the Poisson’s ratio. Nevertheless, the GMTS criterion only takes into
account the tangential stress component at the crack tip and ignores the effect of Poisson’s ratio. Aliha
and Saghafi [60] reported that the stress intensity factors and T-stress are significantly affected by
Poisson’s ratio. Moreover, Poisson’s ratio is one of the important parameters for evaluating the onset
of the fracture of brittle materials in the GMTSN criterion, and is the key factor to distinguish between
stress- or strain-based criteria [50].

Table 3. The theoretical and experimental values of KIIC/KIC for sandstone under different treatment
conditions. GMTSN—generalized maximum tangential strain; GMTS—generalized maximum
tangential stress; MTSN—maximum tangential strain; MTS—maximum tangential stress.

Treatment Conditions
Number
of Cycles

KIIC/KIC

Test Data GMTSN GMTS MTSN MTS

Intact - 1.475 1.424 1.176 0.630 0.866
saturation 0 1.468 1.395 1.163 0.630 0.866

Cyclic wetting and drying 3 1.415 1.354 1.147 0.630 0.866
7 1.378 1.327 1.136 0.630 0.866

Long-term immersion 3 1.425 1.344 1.143 0.630 0.866
7 1.424 1.324 1.135 0.630 0.866

5. Conclusions

(1) Water–rock interactions can significantly influence the mixed mode fracture resistance of
sandstone. The pure mode I, pure mode II, and mixed mode fracture toughness of sandstone
decrease with the increase in the number of cycles.

(2) The values of KIf/KIC and KIIf/KIC decrease slightly with the increasing number of cycles under
the conditions of cyclic wetting–drying and long-term immersion.

(3) The degradation effect of cyclic wetting–drying on the fracture resistance of rock materials is
more significant when compared with long-term immersion.

(4) Both the GMTSN and GMTS criteria, which consider the effect of T-stress, can evaluate the
experimental results very well. Moreover, the GMTSN criterion may be better than the GMTS
criterion for pure mode II loading.
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