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Abstract: The mechanical properties of rock
deteriorate under repeated wet-dry (WD) cycles,
causing the deformation and failure of the rock mass.
A reasonable damage constitutive model can truly
reflect the whole process of rock deformation and
failure. Therefore, it is of great significance to study
the damage characteristics and constitutive behaviour
of rock subjected to numerous WD cycles. First,
sandstone from Tingliang tunnel was sampled for the
WD cycle experiment, and uniaxial and triaxial tests
were carried out on the rock samples after various
numbers of WD cycles to analyze their macroscale
damage characteristics. Then, the damage
mechanisms of the rock samples under the action of
WD cycling were identified by X-ray diffraction (XRD)
and scanning electron microscopy (SEM). Finally,
based on the test data, the WD cycle-induced damage
variable, Weibull distribution function, damage
threshold, Drucker-Prager (D-P) yield criterion and
residual strength correction coefficient were
introduced, a wet—dry loading (WDL) constitutive
damage model that considers the cracking stress of
rock masses was established, and the expressions of
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the corresponding parameters were given. The results
show that an increasing number of WD cycles induces
considerable variations in the macroscopic physical
and mechanical parameters (such as the rock sample
mass, saturated water content, longitudinal-wave
velocity, compressive strength and elastic modulus),
and the rate of change presents two stages, the
inflection point of their rate of change is the 15 WD
cycle. Microscopically, the rock sample structure
changes from intact and dense to fragmented and
unconsolidated; additionally, the surface roughness
increases, and the mineral composition changes. The
established constitutive damage model exhibited good
agreement with the experimental data; thus, this
model can reflect the deformation and failure of rocks
under WDL conditions, and the physical meaning of
each parameter is clear.

Keywords: Wet—dry cycle; Sandstone; Rock damage;
Constitutive model

1 Introduction

Ever since Obyhhkob proposed the term “water—
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rock interaction” in the 1950s (Shen et al. 1993; Shen
and Wang 2002), this topic has been a major focus of
research in the field of geotechnical engineering
(Chen et al. 2019; Ni et al. 2008; Xu et al. 2020). Wet-
dry (WD) cycles represent the most common water—
rock interactions in nature because most natural rock
masses at the surface are fractured, porous materials
that are highly vulnerable to water erosion. For
instance, the water level of the Three Gorges
Reservoir fluctuates cyclically between 145 and 175 m
every year, resulting in a 30 m drawdown zone along
the sloped reservoir bank (Zhang et al. 2014; Liu et al.
2018; Wang et al. 2020; Fang et al. 2019). Other
examples include the periodic WD cycles of open pit
slopes and the surrounding rock of tunnels under the
alternating action of rainfall and sunshine (Qin et al.
2018; Zeng et al. 2019); the weathering of important
cultural relics such as rock paintings, grottoes and
historical sites (Lee et al. 2011; Wang et al. 2014;
Zhang et al. 2021); and the tidal fluctuations
experienced by coastal embankments (Trenhaile
2014). Such WD cycles cause considerable damage to
rock masses, the physical and mechanical properties
of which are consequently degraded to varying
degrees, which has important impacts on geotechnical
engineering construction. Therefore, studying the
damage mechanisms of rocks under WD cycles and
developing constitutive damage models for rocks
subjected to wet-dry loading (WDL) are crucial to
understanding the deformation and failure processes
of different rock masses and have important guiding
significance for both theoretical and practical aspects
of geotechnical engineering.

In recent years, many scholars have studied the
influences of WD cycles on rocks and have reported a
variety of successes. For example, Ozbek (2013)
conducted 50 WD cycle tests on igneous rocks in
Central Anatolia and found that their weight, porosity,
water absorption, longitudinal-wave velocity and
uniaxial compressive strength changed to varying
degrees. Gholamreza et al. (2015) conducted WD cycle
tests on sandstones from the Upper Red Formation
southwest of Qom, Central Iran, and noted that the
longitudinal-wave velocity and uniaxial compressive
strength decreased after 40 cycles, while Poisson's ratio
gradually increased. Zhao et al. (2018) performed WD
cycle tests on Simianshan mudstone samples obtained
from southwestern Chongging, China; the porosity
increased significantly after 12 cycles, while the
uniaxial compressive strength and elastic modulus
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decreased. An et al. (2020) conducted a WD cycle
experiment on weathered feldspathic sandstone with
distilled water and a saturated Na.SO, solution and
reported that the physical and mechanical parameters
of the sandstone deteriorated more significantly in the
salt solution than in water, with the former resulting in
more microcracks and voids. Yuan et al. (2018)
conducted WD cycle tests on sandstone in acidic,
neutral and alkaline environments (pH=4, 7 and o,
respectively) and considered that the mechanical
parameters of the sandstone deteriorated the most in
the acidic environment; in addition, the effects of the
WD cycles on the mechanical parameters such as the
compressive strength, cohesion and internal friction
angle were weakened with an increasing number of
WD cycles. Liu et al. (2016) performed nondestructive
computed tomography (CT) scans and splitting tests on
sandstone after being subjected to WD cycles and
found that the average CT number and tensile strength
on sandstone cross sections decreased with an
increasing number of WD cycles. Meng et al. (2020)
used acoustic emission equipment to study the
relationships between the mechanical parameters of
sandstone and the total number of acoustic emissions
under the action of WD cycling and proposed that the
propagation of microcracks was the main reason for
the attenuation of both the mechanical parameters of
sandstone and the total number of acoustic emissions.
Chen et al. (2018) and Xie et al. (2018) employed
scanning electron microscopy (SEM) to investigate
granite and sandstone samples, respectively, after
numerous WD cycles. Their test results showed that
with an increase in the number of WD cycles, rock
fragments fell off, microcracks and micropores
developed and connected, the sample surfaces changed
from smooth to rough, and their structure changed
from intact and dense to fractured and unconsolidated.

In terms of theoretical analysis, many scholars
have developed constitutive damage models for
various rocks. For example, Li et al. (2012), Wang et
al. (2007) and Shen et al. (1984) proposed a statistical
constitutive model of rock damage due to strain
softening based on the basic theory of damage
mechanics, the Lemaitre strain equivalence
hypothesis (Lemaitre et al. 1984), and the Weibull
distribution (Weibull et al. 1951). Wang et al. (2017)
proposed an improved Duncan—Chang constitutive
model to describe the stress—strain curve of
sandstone after WD cycles and verified the model by a
numerical simulation in FLAC3P. Du et al. (2019)



asserted that the damage incurred by red sandstone
under WD cycles and impact loads could be divided
into macrodamage and microdamage and established
a coupled constitutive damage model based on the
Lemaitre strain equivalence hypothesis; ultimately,
the effectiveness of the model was verified by a
dynamic compression test on red sandstone. Hu et al.
(2018) established a constitutive damage equation
under the coupling of WD cycles and loads based on
the energy principle and verified the effectiveness of
the model by performing a comparison of their
findings with those in the literature. Wang et al.
(2020) studied a dangerous rock mass in Jianchuan
east of the Three Gorges Reservoir area and
established a constitutive damage model of the
basement rock mass under WD conditions based on
indoor test data.

In summary, research on the characteristics of
rock subjected to WD cycles has focused mainly on
their changes in macrophysical and mechanical
properties and microstructure, whereas few studies
have discussed the relationships between these
features. In addition, the literature on the loading-
induced deformation and failure processes of rock
after experiencing WD cycles is not complete, and the
existing constitutive damage models for rocks under
WDL were derived based on the Weibull distribution,
but the influences of WD cycles on the distribution
parameters were neglected in the derivation.
Therefore, this paper analyses and discusses the
relationships of the macrophysical and mechanical
properties and microstructure of rock by performing
sample mass, longitudinal-wave velocity, SEM, X-ray
diffraction (XRD) and uniaxial and triaxial tests on
sandstone samples after WD cycling. Based on an
existing rock constitutive damage model, a WDL
constitutive damage model that considers the
strength of microelements and satisfies the Drucker-
Prager (D-P) yield criterion considering the effects of
WD cycles is established by introducing a WD cycle-
induced damage variable and a Weibull distribution
function. Finally, the rationality and applicability of
this model are verified by experimental data.

2 Test

2.1 Test sample preparation

The test samples were selected from Tingliang
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tunnel in the city of Chongzuo, Guangxi Zhuang
Autonomous Region, China. The formation lithology
is grayish yellow siltstone of the second group of
Jurassic nadang group (J2nlb). After the rock was
obtained in situ, it was sealed, packaged, and sent
back to the laboratory for sample processing and
preparation. According to the requirements of the
Standard for Tests Method of Engineering Rock
Masses (GB/T 50266-2013), a cylindrical sample with
a diameter of 50 mm and a height of 100 mm was
prepared after cutting the mass, drilling a core, and
grinding the rock; the upper and lower end faces were
ensured to be parallel within <0.05 mm, and the
flatness of the end face was <0.02 mm. To ensure the
accuracy, effectiveness and scientificity of the test and
reduce the dispersion of the rock data from the
standard, all the rock samples were prepared from the
same rock, and nondestructive ultrasonic testing was
carried out on the rock samples (Vilhelm et al. 2013;
Mckenzie et al. 1982; Fener et al. 2011). Rock samples
with similar longitudinal-wave velocities were
selected for testing, with a total of 39 test samples
being prepared. Then, the physical parameters of the
test samples were determined, and the average values
among all the samples were taken as the basic
physical parameters: the natural density was 2.55
g/cms, the dry density was 2.53 g/cms3, the water
content was 0.71%, and the longitudinal-wave velocity
was 3369 m/s.

2.2 Test procedure

According to the requirements of the Standard
for Tests Method of Engineering Rock Masses (GB/T
50266-2013), indoor WD cycle tests were carried out
on the rock samples by having the samples absorb
natural water until saturation and then drying the
samples. Each iteration of absorption, saturation and
drying was recorded as a WD cycle.

Step 1 The samples were saturated with natural
water as follows. The rock sample was placed into a
water tank, after which water was added to 1/4 of the
sample height; then, water was added to 1/2 and 3/4
of the sample height at 2 and 4 hours, respectively,
and at 6 hours, water was added until the water level
was 20 mm higher than the top surface of the sample.
This process facilitated the escape of air trapped in
the sample. Finally, the sample was allowed to absorb
water freely for 48 hours.

Step 2 The samples were dried by being placed
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into a drying oven and baked at a constant
temperature of 105°C for 24 hours.

Step 3 The water-induced damage of rock in
nature is the result of long-term action. To better
simulate this process, the rock samples were
subjected to 30 WD cycles, after which sample mass,
longitudinal-wave velocity, uniaxial compressive
strength, XRD and SEM tests were performed on the
rock samples after o, 5, 10, 15, 20, 25 and 30 WD
cycles, and triaxial compression (4 and 8 MPa) tests
were conducted on the rock samples after 0, 15 and 30
WD cycles to better explore the damage suffered by
the rock samples. A flow chart of the testing
methodology is depicted in Fig. 1.

3 Test Results of Damage after WD Cycles

An intelligent electronic scale with an accuracy of
0.01 g was used to weigh the rock samples after o, 5,
10, 15, 20, 25 and 30 WD cycles. The variations in
rock sample mass with the number of WD cycles are
shown in Fig. 2. Fig. 2 (a) shows that the dry mass of
the rock sample shows a two-stage decreasing trend
with an increasing number of cycles; when the
number of cycles reaches 30, the mass has decreased
by 1.95%e.. In contrast, the saturated mass of the rock
sample shows a two-stage increasing trend with an
increasing number of cycles, and the mass increases
by 6.98%0 at 30 cycles. The inflection point of their
rate of change is the 15 WD cycle. The relationship
between the rock sample mass and number of cycles
can be fitted by a system of linear functions, and the
following fitted equations can be obtained:

Rock sample preparation

Wet—dry cycle

-~ i - - /,'
Water saturation

3.1 Changes in physical parameters

my'=—0.052n+497.671 n<15, R=0.9659 (1
my>=-0.013n+497.118 15<n<30, R*=0.8606 (2)

m!'=0.177n+501.735  n<15, R*=0.9818 (3)

m2=0.058n+503.557  15<n<30, R*=0.8881 (4)

where mq and ms are the dry mass and saturated mass,
respectively, after different numbers of WD cycles, n
is the number of cycles, and R2 is the coefficient of
determination.

The saturated water content can be obtained by
dividing the difference between the saturated mass
and dry mass of a rock sample by the dry mass after
different numbers of WD cycles. The variation with
the number of WD cycles is shown in Fig. 2 (b),
indicating that as the number of cycles rises, the
saturated water contents of the rock samples show a
two-stage increasing trend, with the inflection point
of its rate of change appearing at 15 cycles and the
saturated water content increasing by 111.52% at 30
cycles. The relationship between the saturated water
content of the rock sample and the number of cycles
can be fitted by a series of linear functions, and the
following fitted equations can be obtained:

w'=0.047n+0.807 n<15, R2=0.9861 5)
w?=0.014n+1.301 15<n<30, R?=0.9029 (6)

where w is the saturated moisture content after
different numbers of WD cycles.

The longitudinal-wave velocity can be used as an
index to reflect the compactness of a rock and both

Physical and mechanical parameter test

—_—
Saturating

|

Fig. 1 Flow chart of rock sample preparation, wet-dry cycle test and physical and mechanical test.
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Fig. 2 Changes in physical parameters with the number

of cycles: (a) mass, (b) saturated moisture content, (c)
longitudinal-wave velocity.

the number and the size of pores (El-Gohary 2013).
When the longitudinal-wave velocity is high, the rock
sample is dense and contains relatively few pores;
when the longitudinal-wave velocity is low, the rock
sample is considered unconsolidated and porous. An
nonmetallic acoustic detector was used to test the
longitudinal-wave velocity of each rock sample after
different numbers of WD cycles. The test results are
shown in Fig. 2 (c), revealing that the longitudinal-
wave velocities of the rock samples show a two-stage

J. Mt. Sci. (2022) 19(7): 2111-2125

decreasing trend, with the inflection point of its rate
of change appearing at 15 cycles and the longitudinal-
wave velocity decreasing by 35.62% at 30 cycles.
These findings are evidence that irreversible damage
occurs in rock samples under repeated WD cycles.
The relationship between the longitudinal-wave
velocity of the rock sample and the number of WD
cycles can be fitted by a series of linear functions, and
the following fitted equations can be obtained:

V=-52.94n+3353.37 n<15, R2=0.8859 )
V2=—27.46n+2964.27 15<n<30, R*=0.8911 8)

where v is the longitudinal-wave velocity after
different numbers of WD cycles.

Ultimately, the relationships between the
physical parameters of rock samples and the number
of WD cycles can be fitted by linear functions, and the
correlation coefficients are greater than 0.8606. The
number of WD cycles has varying influences on
different physical parameters, with its influence on
the rock sample mass, longitudinal-wave velocity and
saturated moisture content increasing in succession.

3.2 Changes in mechanical parameters

Uniaxial compression tests were carried out on
the rock samples after o, 5, 10, 15, 20, 25 and 30 WD
cycles on an RMT-301 servo-hydraulic test machine,
and the results are shown in Fig. 3. The data illustrate
that increasing the number of cycles yields two-stage
decreasing trends in the peak strength and elastic
modulus of the rock samples and a two-stage
increasing trend in the peak strain; the inflection
point of the rate of change always appears at 15 cycles.
At 30 cycles, the peak strength decreases by 24.28%,
the elastic modulus decreases by 51.30% and the peak
strain increases by 44.29%. Likewise, the
relationships between the rock sample uniaxial test
parameters and numbers of WD cycles can be fitted
by various linear functions, and the following fitted
equations can be obtained:

o'=-1.092n+80.018 n<15, R2=0.9199 9)
o?=-0.282n+68.168 15<n<30, R==0.8541  (10)
£'=0.121n+7.256
£=0.092n +7.693
E'=—0.328n+13.390 n<15, R==0.9833 (13)

n<is, R?=0.9897 (11)
15<n<30, R?=0.9972 (12)

E*=-0.134n+10.440 15<n<30, R>=0.9615  (14)
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Fig. 3 Variations in uniaxial test parameters with the
number of cycles: (a) peak intensity, (b) peak strain, (c)
elastic modulus.

Next, according to the results of the uniaxial
compression tests on the rock samples, the rock
samples subjected to representative numbers of WD
cycles (0, 15 and 30) were selected for triaxial tests,
the results of which are shown in Table 1. The table
suggest that under the same number of WD cycles,
with increasing confining pressure, the peak strength,
peak strain and elastic modulus of the rock samples
gradually increase, while Poisson's ratio gradually
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decreases. Moreover, under the same confining
pressure, with an increase in the number WD cycles,
the peak strength and elastic modulus of the rock
samples gradually decrease, while the peak strain and
Poisson's ratio gradually increase. Taking the
confining pressure of 4 MPa as an example, the peak
strength and elastic modulus of the rock samples in
the first 15 WD cycles decrease by 32.48% and 33.98%,
respectively, and the peak strain increases by 28.02%;
after 15 WD cycles, the peak strength and elastic
modulus of the rock samples decrease by 10.48% and
12.58%, respectively, and the peak strain increases by
23.50%. Thus, the influences of the number of WD
cycles on the mechanical parameters of rock samples
are similar to those on their physical parameters.

The number of cycle »

:———/:.-.::-——z

o
I

Fig. 4 Typical damage to a rock sample with an
increasing number of wet-dry cycles.

Representative damaged rock samples were
selected after different numbers of WD cycles for
further analysis, as shown in Fig. 4. The failure mode
of a rock sample changes with an increasing number
of cycles. After a uniaxial compression test is
performed on fresh rock, vertical tensile cracks
appear on the surface of the rock sample, and the
failure mode is tensile splitting failure. With an
increasing number of WD cycles, the number of
surface cracks on the rock samples increases
obviously, manifesting mainly as vertical tensile
cracks and shear cracks with different angles of
inclination, and the failure mode is tensile-shear
failure. After multiple WD cycles, shear cracks appear



on the surface of the rock sample, and the failure
mode is shear failure. Thus, under the action of
repeated WD cycles, the strength of the rock sample
decreases, the deformation increases, and the failure
mode changes from brittle tensile failure to plastic
shear failure.

3.3 Microstructural evolution

A TM4000 plus scanning electron microscope was
used to microscopically examine the rock samples
after WD cycling. The test voltage was 15 kV, and the
magnification was 2000, with the observations being
carried out on the micron scale. The results are shown
in Fig. 5, indicating that the surface of the original
rock was flat; overall, the rock had few mineral
particles, a dense structure, good integrity, and only a
small number of initial microcracks and pores. After 5
WD cycles, the surface roughness of the rock sample
increased, the cohesion of the structure was destroyed
due to the development of microcracks, and the
number of pores began to increase. After 10 WD
cycles, transgranular cracks and pores propagated. At
15 WD cycles, the transgranular cracks widened, and a
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throughgoing crack formed. At 20 WD cycles, the
length, width and depth of the transgranular cracks
further increased; in comparison, at 25 WD cycles, the
cracks and pores in the rock samples gradually
expanded and penetrated, and the surface shape
became uneven. Finally, after 30 WD cycles, deep
pores and cracks were observed in the rock samples,
multiple throughgoing cracks were intertwined, and
the structural integrity was seriously compromised.
Therefore, the WD cycles caused serious irreversible
damage to the rock.

3.4 Mineral and chemical

changes

composition

The changes in the macro- and microstructures
of rock samples are of great significance and can be
studied by evaluating the changes in their mineral
compositions. Therefore, in this final analysis, the
mineral compositions of the rock samples after
different numbers of WD cycles were determined to
reveal their damage. The mineral compositions of the
rock samples were tested after o, 5, 10, 15, 20, 25 and
30 WD cycles by a D8 Discovery X-ray diffractometer.

Table 1 Mechanical parameters at confining pressure of 4 and 8 MPa

Confining  Number of cycles  Peak stress Peak strain  Elastic modulus Poisson's ratio  Internal friction
pressure n o (MPa) e (%o) E (GPa) u angle 5(°)
(0] 150.43 10.17 15.98 0.312 59.67
4 15 101.56 13.02 10.49 0.332 57.67
30 85.79 15.41 8.49 0.342 55.33
(0] 187.04 12.24 17.01 0.271 59.67
8 15 152.48 15.50 12.75 0.201 57.67
30 135.98 17.49 11.05 0.301 55.33
n% £, st i n=15 :
by T - - \.:‘_ L # ,\, s " L__] D
RS An t b
R . ((,D ¥y d \ :
=0 'c-' . .,\ S A .
Mo EEE - G ; =
{ = i{; 15KV %2000 —— 20um & 15KV %2000 ——20gm Ly © & SISV 2000 —— 20um
\% “ n=20 ?.7;30 ‘ -
B & -
15KV 2000 ——— 20pm 4

)

Fig. 5 SEM images of rock samples under different numbers of WD cycles.
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The test results are shown in Table 2. Under natural
conditions, the rock samples were composed mainly
of feldspar, quartz, calcite, mica and clay minerals.
After different numbers of WD cycles, the mineral
compositions changed; in particular, the relative
contents of feldspar, calcite and mica minerals
decreased. After 30 WD cycles, the relative contents
of feldspar, calcite, and mica minerals decreased by
4.5%, 3.2%, and 2.2%, respectively; in contrast, the
relative contents of quartz and clay minerals
increased by 5.8% and 4.1%, respectively, after 30 WD
cycles.

Under the long-term action of WD cycling,
different mineral components in rock samples
undergo a series of chemical reactions with water,
which is the fundamental reason for the changes in
the relative contents of mineral components. This
process is collectively known as hydrolysis (Feng et al.
2010; Wu et al. 2008):

2118Si0: (quartz)+H-0—~H,Si0,

KAl.Si30s (potassium feldspar)+H.O—

AlLSi>05(0OH), (kaolinite)+K++OH-+H,4SiO,

NaAlSi;Os (sodium feldspar)+H.O—

Al:Si-O5(0H), (kaolinite)+Na++OH-+ H,SiO4

CaCOs(calcite)—Caz2++COs2

KFe;3AlSi;0:0(OH). (biotite) +H.O—

Table 2 X-ray diffraction pattern and mineral analysis

X-ray diffraction pattern

Mica

=30

L n=23
SN U P e :

n=20

Ifeldspar|
:L".I.ll.'i[l.'

Quarz
Quarlz

e

=15

Intensity

j =10

n=5

n=0
- _— s
L s . . . L
30

10 20

" f
40 50 60 70 80
20(%)

e D
P

Mineral particle

-

Microcrack .
Microcrack

Al(OH)3;+Fe(OH).+H,SiO4+K++OH-

Kaolinite produced by hydrolysis is characterized
by its expansion upon absorbing water and its
shrinkage upon losing water. Repeated WD cycles
make kaolinite expand and contract frequently,
promoting the development of cracks and pores in the
rock. In addition, the chemical substances remaining
after hydrolysis are easily soluble in water, resulting
in the continuous removal of mineral components
from the rock by water, which increases the hydrolysis
contact surface and further aggravates the reaction.
Thus, the cracks and pores connect and expand in the
rock’s microstructure, thereby degrading its
macroscopic physical and mechanical properties.

In summary, WD cycles can affect the
microstructure and mineral composition of rock, as
depicted in Fig. 6. Before WD cycles, the mineral
particles are inlaid and cemented together, and the
particles are angular in shape; the structural plane is
flat and smooth as a whole, with a small number of
small pores and microcracks. After 1 to 15 WD cycles,
the cementation between mineral particles is
destroyed, forming erosion fractures, and small
amounts of hydrolysis products are mixed in the
fractures; microparticles appear on the structural
plane, the roughness increases, and transgranular

Relative mineral content (%)

Feldspar Quartz Calcite Mica Clay minerals
10.7 66.5 8.5 2.1 12.2

11.1 66.1 8.8 2.5 11.5

11.7 65.7 9.1 2.8 10.7

12.7 64.3 9.8 3.0 10.2

14.1 62.0 11.1 3.7 9.1

14.8 61.1 11.5 4.1 8.5

15.2 60.7 11.7 4.3 8.1

Fissure Small pore Through fissure

Precipitation

Microcrack

Fig. 6 Diagrams of the microstructural evolution after WD cycles.
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cracks form between the mineral particles. After 16 to
30 WD cycles, the cementation components between
mineral particles are further destroyed, the soluble
substances generated by hydrolysis are extracted by
water, forming erosion fractures throughout the
structural plane, and the cracks and pores are
obviously increased. In addition, the particles become
increasingly rounded, which greatly reduces their
cohesion and causes the rock to become
unconsolidated and fragmented overall. Fig. 6 shows
schematic diagrams reflecting the microstructural
evolution of the test rock sample. The real situation
may not be as serious, and more WD cycles may be
required to achieve these graphical results, but this
figure is nevertheless appropriate to describe the
change trend of the microstructure of the rock sample
after numerous WD cycles.

4 Constitutive Damage Model of Rock
under WDL

4.1 WDL damage evolution equation

The damage of rock samples under repeated WD
cycles is realized mainly through changes in
macroparameters such as the longitudinal-wave
velocity (Xu et al. 2020), elastic modulus (Du et al.
2019), porosity (Cui et al. 2021), and CT number (Liu
et al. 2016).

The elastic modulus is easy to obtain
experimentally and has obvious physical significance.
Therefore, the change in the elastic modulus was
adopted to define the WD cycle-induced damage Dn,
and the following equation can be obtained:

Dn=1-— (15)

where E, and E, are the elastic moduli of rock before
WD cycling and after n WD cycles, respectively.

The strength of rock microelements under WDL
was assumed to follow a Weibull distribution, and
three Weibull distribution function parameters were

introduced (Gao and Xie 1996; Cao et al. 2013; Li et al.

2017). The following equation can be obtained:
x—t ,
F(x)=1-exp {_[T] } (x?t) (16)

where x is the strength of a rock microelement, ¢ is the
position parameter, k is the shape parameter, and A is
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the scale parameter.
Under different WD cycles, the rock Weibull
parameters are as follows:

t=t(n)
k=k(n) (17)
A=Mn)

where t(n), k(n) and A(n) are the position parameter,
shape parameter and proportion parameter of the
Weibull distribution function after different numbers
of WD cycles, respectively.

The development and propagation of microcracks
and pores lead to the failure of rock microelements.
With  increasing microelement failure, the
macroproperties of the rock deteriorate, and
irreversible damage occurs. Therefore, the evolution
of damage within rock parallels the failure evolution
of microelements. The total rock damage D can thus
be defined by the ratio of the number of failed rock
microelements to the total number of microelements:

_Ne

N (18)

where Nr and N denote the number of failed
microelements and the total number of
microelements in the rock, respectively.

The strengths of rock microelements are
randomly distributed. When the loading stress level is
x, some microelements in the rock have been
destroyed, the number of failures is Nr, and the
following equation can be obtained:

Nﬁwﬁfmw (19)

where f(x) is the probability density function of the
Weibull distribution.

According to Egs. (18) and (19), the following
equation can be obtained:

D:Kfmw (20)

Substituting Egs. (16) and (17) into Eq. (20), the
total rock damage D can be obtained:

k(n)
D=1-exp| - [x;(_tn(;a)] (21)

In Eq. (21), WD cycle-induced damage is
considered in the total rock damage, which effectively
reflects the damage evolution of rock under WDL.
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4.2 WDL constitutive damage model

According to the Lemaitre strain equivalence
principle (Lemaitre 1985) and effective stress
principle, the relationship between the nominal stress
in the triaxial compression test o: and the effective
stress oi* can be obtained as follows:

o,=0; (1-D) (i=1,2,3) (22)

The results of the triaxial tests show that the
strength of rock is not completely lost after failure, as
it still has a certain bearing capacity, which is called
its residual strength. However, residual strength is
not considered in Eq. (22). When a rock is completely
destroyed, the total damage D is 1, and the nominal
stress in Eq. (22) is 0, which is inconsistent with the
actual test results. Therefore, it is necessary to
introduce a correction factor w (0<w<1) to modify Eq.
(22) (Cao et al. 2013; Xu et al. 2018). The corrected
relationship between nominal stress o: and effective
stress oi* can be obtained as follows:

o,=0; (1-wD) (23)

When a rock is completely destroyed and the
total damage D is 1, the nominal stress in Eq. (23) is
not 0; thus, this equation better reflects the residual
strength as a mechanical index.

The root cause of rock failure is microelement
failure. Therefore, it is important to select the rock
microelement failure criterion. The D-P yield
criterion is simple and practical with few material
parameters (Cao et al. 1998; Xu et al. 2002; Li et al.
2007). Therefore, the D—P yield criterion was used as
the microelement failure criterion in this paper, and
the following equation can be obtained:

x=al, ++J, (24)

where a=sinf/(9+3sin2f)>s and B is the internal
friction angle. I,* is the first invariant of the stress
tensor, I,*=0.*+0-*+03*. J.* is the second invariant of
the effective stress deviation, J.*=((01*-02%)2+(02*-
05%)2+(0:%-05%)2) /6.

The generalized form of Hooke's law is as follows:

1 * * * . .
gi:E|:o-i _,U(O'_/ + 0y )} @@ j,» k=1,2,3) (25)

where ¢&;, u and E are the strain, Poisson's ratio and
elastic modulus, respectively.

According to Egs. (23), (24) and (25), the
following can be obtained:
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* *
x=al, +J,

_ (0'1 — 03 )Eg1 sin f (26)

(0'1 —,u(O'2 + 0, ))s/9+3sin2 p
Eg (0, -03)

\/5(0'1 - u(o, +O'3))

According to Egs. (21)—(26), the rock constitutive
damage equation considering the action of WD cycles
can be obtained:

oi=E,(1-D,)e,

+

* * k(n)
al +J," - t(n) (27)
A(n)

xi1l-—w+wexp| —

+,u(0'j +0y)

The essence of rock deformation and failure is the
development, propagation and penetration of
microcracks and pores. When the stress level is less
than the initial stress, no cracks or pores develop in
the rock, and the rock damage value is 0. Therefore,
there is a stress threshold in the evolution of rock
damage, and the rock is damaged only when the stress
level is higher than this threshold.

A previous study (Cai et al. 2004) postulated that
the typical stress—strain curve of rock can be divided
into five stages: a crack closure stage, an elastic stage,
a stable crack growth stage, a crack coalescence stage,
and a postpeak stage. The point separating the linear
elastic stage from the stable crack growth stage is the
crack generation point, and the corresponding stress
and strain are the crack initiation stress oc:and crack
initiation strain eq, respectively. The damage
evolution equation governing the whole process of
rock deformation and failure can be expressed as
follows:

0 (c<o,)
k(n)

D= al” ++J, —t
1—exp| — 1 2 (n)

(28)
(c>0,)
A(n)

When the rock stress level is higher than the stress
threshold, the WDL constitutive damage model is given
by Eq. (27). When the rock stress level is lower than the
stress threshold, this quadratic function can be used to
fit the data according to the stages of the typical stress—
strain curve of a rock, and the following equation can be

obtained:



o, = ag’ + be, (e<ed) (29)

The comprehensive WDL constitutive damage
model pertaining to the whole process of rock
deformation and failure can be obtained by Egs. (27)
and (29) and can be expressed as follows:

ag’ +be, (e<e,)
E,(1-D,)s,
. . k1) (30)
o; = al, +4J, —t
x<l-w+wexp| - M
A(n)
+u(o; +oy;) (e>¢,)

4.3 Constitutive model parameters

The WDL constitutive damage model of rock
contains some unknown parameters that need to be
determined in combination with the uniaxial and
triaxial test data of the rock, and the continuity of the
piecewise function should be considered. For

simplicity and convenience, Eq. (30) can be written as:

ag;> +be,
Eg;

i

k
o, = _[all*-h/JZ* —tJ (31
A

(e<e.)

x9l— o+ wexp

tu(o; +oy;) (e>e¢.)

4.3.1 Weibull distribution parameters t, k, and
A

The position parameter t represents the starting
point of rock damage development, that is, the crack
initiation stress point (0c;, &:). At this time, the rock
damage is 0. Considering that the test involves
conventional triaxial compression, 02-0;. According to
Eq. (17) and Eq. (28):

t= lim al, ++J,"

O'—)O'ci

__(ou-0y)Egysin _ Egy(0,-0y) 3
(o, —2ﬂ0'3)m \/g(O'ci —2u07%)

The shape parameter k and proportion parameter
A can be obtained according to two geometric
conditions at the peak stress—strain point (o, &), that
is, @ e=ec,0=0c and @ e=¢.do/dec=0.

According to geometric condition @ , the
following equation can be obtained:
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k
I 44, —t
oc=E¢, 11—+ wexp —[allzJ +2u0, (33)

According to geometric condition @ , the
following equation can be obtained:

do, k
iz, E{l a)+a)exp[ (M /1) J} o
—kE&}a)(N/ﬂ)(M/l)kil exp(—Mk) =0
where
Ve (o, —03)Eée.sin B . Ee. (0, -03) ~
o s le )
(o,—0y)Esinf E(o,—0y)

and N= + .
(0. —2u03)\/9 +3sin” B V3(o. —2u0;)

Applying Egs. (26), (31) and (34) simultaneously,
the following equation can be obtained:

M (o, —2u03)

k= wEe

) E —1) |In -

Ngcl:gc O + SC(CU )] GC—ZﬂC73+E8C(w_1)
(35)
k
~ (M)'
A= oke,
O, 72/163 +E€C(a)71)

4.3.2 Quadratic function parameters a and b

When the rock stress does not reach the damage
threshold, the stress—strain curve can be fitted by a
quadratic function. According to the continuity of the
piecewise function and Eq. (31), the following
equation can be obtained:

k
ag,’ +be, =Ee,; % {1 -+ a)exp{—(;j }} +2u0,
(36)

_ (O'ci - 0'3)E5ci sin B 4 Ee, (O'a' - 0'3)
O, —2403)49 +3sin’ V3 (o —2ucs)
ci 3

Considering that the rock is a concave function in
the crack closure stage, by letting the quadratic
function pass through the fixed point (0.5€¢,0.506),
the following equation can be obtained:

Y

agciz +2be,, =20 (37)

The values of a and b can be obtained by solving
Egs. (36) and (37) simultaneously.

4.3.3 Damage threshold

After a certain number of WD cycles, a rock
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contains some initial cracks and pores. At the initial
stage of loading, these cracks and pores are gradually
closed. After entering the linear elastic stage, the rock
undergoes elastic deformation but not plastic
deformation. When the load strength reaches the
maximum value of the linear elastic stage, the rock
begins to produce new cracks. The point on the
stress—strain curve corresponding to this value is the
damage threshold, the corresponding stress is the
initiation stress, and the strain is the initiation strain.
In an actual test, however, it is difficult to obtain an
accurate damage threshold. Many scholars have
conducted relevant research (Tuncay et al. 2008; Brace
et al. 1966; Holcomb et al. 1987; Martin et al. 1993),
and it is widely believed that the crack initiation stress
is approximately 30% ~ 50% of the peak stress. Based
on this research, 40% of the peak stress was taken as
the crack initiation stress in this paper.

5 Verification of the Constitutive Damage
Model

According to the uniaxial and triaxial test data and
the constitutive model parameters described in Section
4.3, the values of the constitutive model parameters
under different conditions are obtained, and the results
are shown in Table 3. After substituting the data in
Table 3 into the WDL constitutive damage model, the
obtained theoretical curve is compared with the test
curve, as shown in Fig. 7.

Table 3 Values of the wet—dry loading (WDL)
constitutive model parameters

n gf,lpa) t kA a b w

(0] 28.523 4.670 74.904 2.608 6.752 1.000
15 O 25.098 4.497 56.657 1.341 2.516 1.000
30 21448 6.908 47.580 0.585 4.201 1.000
(o] 54.432 9.335 102471 1772 09.682 0.665
15 4 45.868 2.893 94.608 1.677 2.724 0.800
30 34.645 3.820 80.224 1.007 3.605 0.800
(0] 68.416 7.101 138.911 1.808 9.688 0.750
15 8 55.376 4.229 138.240 0.823 9.335 0.800
30 57.510 2.805 136.140 1.934 0.490 0.850

Fig. 7 shows that the theoretical curve is in good
agreement with the test data. The WDL constitutive
damage model established in this paper can reflect
the stress—strain relationship in the process of rock
deformation and failure. On the whole, the error
between the theoretical curve and the test data is
within the allowable range of practical applications, so
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Fig. 7 Comparison between the theoretical curve (WDL
constitutive damage model) and test data (Laboratory test).

the proposed model can provide reference value for
an actual project to a certain extent.

The correction coefficient w is an empirical
parameter that was fitted according to the test data.
Taking n=15 and 03=8 MPa as an example, the rock
stress—strain curves corresponding to different



correction coefficients w are shown in Fig. 8,
illustrating that w has an important influence on the
rock stress—strain curve. The smaller the correction
coefficient w is, the slower the decline in the postpeak
stage of the corresponding stress—strain curve and the
greater the residual strength. However, w has little

effect on the stress—strain curve before the peak stress.

160

0 5 10 15 20 25
&, (%0)

Fig. 8 Stress—strain curves corresponding to different
correction coefficients w.

6 Conclusions and Suggestions

(1) Macroscopically, with an increase in the
number of WD cycles, the dry mass, longitudinal-
wave velocity, peak strength and elastic modulus of
rock samples gradually decrease, whereas the
saturated mass, saturated moisture content and peak
strain of rock samples gradually increase; moreover,
the rate of change presents two stages, the inflection
point of their rate of change is the 15" WD cycle. The
influences of the number of WD cycles on the physical
and mechanical parameters increase in the order of
saturated moisture content > elastic modulus > peak
strain > longitudinal-wave velocity > peak strength >
saturated mass > dry mass. The two stages are fitted
by linear functions, the fitting coefficient R2> 0.8541,
and the failure mode changes from brittle tension
failure to plastic shear failure.

(2) Microscopically, with an increase in the
number WD cycles, the rock sample structure tends to
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become increasingly unconsolidated, the surface
morphology changes from flat to rough, and the
structural integrity worsens. After 15 cycles,
microcracks develop into throughgoing cracks, and
after 30 cycles, multiple throughgoing cracks are
intertwined, resulting in serious and irreversible
damage to the rock sample. Moreover, hydrolysis
changes the relative contents of minerals in rock
samples, which is the fundamental reason for the
microstructural changes. Microscopic changes in rock
samples ultimately lead to macroscopic changes in
their physical and mechanical parameters.

(3) In terms of the constitutive damage model,
first, by introducing a WD cycle-induced damage
variable and assuming that the strengths of rock
microelements obey a Weibull distribution, an
equation reflecting the total WDL damage evolution
in a rock is established. Then, according to the
Lemaitre strain equivalence principle and the concept
of effective stress, by introducing a residual strength
correction coefficient and taking the D-P yield
criterion as the basis for the failure of rock
microelements, the rock WDL constitutive damage
model is established, and a method for determining
the model parameters is proposed. Finally, the
theoretical curve is compared with the experimental
data, demonstrating good agreement. Thus, the
proposed model can reflect the stress—strain
relationship in the evolution of rock deformation and
failure.

Note that the theoretical curve obtained from the
rock WDL constitutive damage model established in
this paper has nonderivable points; that is, the
theoretical curve is not smooth at the damage
threshold  point. In  addition, completely
homogeneous sandstone was selected as the research
object in this paper, whereas sandstones featuring
bedding and joints are often encountered in practical
engineering, which can lead to changes in the
applicability and accuracy of the constitutive model.
Therefore, it is necessary to perform an in-depth
analysis and discussion of the above contents in
follow-up research.
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