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The red-bed soft rocks in South China have obvious creep characteristics and are prone to engineering geological disasters such as
landslide and foundation settlement under the action of rainfall, groundwater, and load. In order to reveal its creep characteristics
and mechanism under complex conditions, a step-loading creep test was carried out under chemical-stress-seepage coupling, and
the energy evolution law of the whole creep process was analyzed based on linear energy storage and energy dissipation theory.
The results also show that the acid chemical solution has the greatest influence on the triaxial strength and creep strength, and
the creep damage and energy evolution of red-bed soft rock are universal. The creep damage and total strain increase with the
increase of acidity, the decrease of confining pressure, and the increase of seepage pressure. The evolution law of creep damage
shows the characteristics of slow-acceleration-rapid growth, and with the increase of load level, it has obvious transfer and
accumulation. After entering the constant velocity creep stage, the damage rate begins to accelerate. The proportion of
instantaneous strain and creep strain in the total strain increment is about 50%, and confining pressure has little influence on
their respective proportions. The instantaneous strain is more sensitive to the acidity of the chemical solution, and the
proportion of creep strain increases gradually with the increase of seepage pressure. The relationship between elastic energy
density and total energy density is linear. The elastic energy density and dissipated energy density in the loading stage and
creep stage all increase nonlinearly with loading time. The density of dissipated energy in the creep phase is lower than that in
the loading phase, but the opposite is true in the higher stress phase, and the law of energy dissipation can explain the
hardening damage effect in the creep process of soft rock samples. The research results provide a new perspective for us to
reveal the mechanical properties and failure mechanism of red-bed soft rocks and provide an important theoretical basis for
predicting and evaluating the creep instability and long-term stability of such rocks.

1. Introductory

Red-bed soft rock, as a common geotechnical engineering
soil type in south China, has high porosity, strong hydro-
philic character, and obvious creep characteristics [1]. These
features bring some challenges to its engineering applica-
tions. As a constantly changing complex chemical solution,
groundwater plays a key role in the engineering geological
environment. Under the seepage and erosion of groundwa-
ter, the mechanical properties of the red-bed soft rock will

gradually weaken, which may lead to engineering geological
disasters such as rock mass landslide, foundation settlement,
and slip damage [2, 3]. Once these disasters occur, they will
pose a serious threat to people’s lives, safety, and property,
so it is very important to study the stability of the red-bed
soft rock.

Under the action of multiple physical field coupling, the
stability of the red-bed soft rock slope is affected by the more
complex. The coupling of multiple physical fields makes the
mechanical properties of the red-bed soft rock further
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change, which puts forward higher requirements to ensure
the stability and safety of the project [4]. Therefore, it is an
important task to study the stability of the red-bed soft rock
slope under multiple physical field coupling.

The influence of hydrorock interaction and chemical
corrosion on the physical and mechanical properties of
red-bed soft rocks cannot be ignored. The influence of
hydrorock interaction on red-bed soft rock is mainly mani-
fested as the pore change from flat to slender, reduced shape
factor, and more complex pore structure of [5]. Moreover,
the NMR test results of the chemical solution corrosion
action samples showed that the internal pore structure
change is the root cause of the damage [6]. Through the
quantitative analysis of micro, medium, and macroscale of
red-bed soft rock destruction, the main role of red-bed soft
rock is chemical action. The chemical corrosion damage sit-
uation is positively correlated with the concentration of the
chemical medium and the acidic strength of the solution
[7]. Scholars have further revealed the correlation of the
microscopic structure and the macroscopic mechanical
parameters by considering the chemical corrosion effect [8,
9]. Therefore, the chemical solution has an obvious weaken-
ing effect on the rock’s strength.

The red-bed soft rock, as a member of the soft rock fam-
ily, also shows the obvious creep feature under the long-term
water-rock interaction [10]. This creep characteristic is par-
ticularly evident in the condition of the flow-solid coupling
state. Specifically, the response of radial creep deformation
to axial creep deformation will lag behind when the stress
level and the seepage pressure remain relatively low. How-
ever, under the dual action of high-stress level and osmotic
pressure, the creep rate is significantly accelerated, and the
duration is also constantly shortened by [11]. In addition,
under the action of corrosion damage, the internal structure
and mechanical characteristics of the red-bed soft rock have
been subjected to different degrees of damage deterioration,
making the creep mechanical behavior of the red-bed soft
rock become more complex. The time effect of creep and
the effect of stress disturbance make the creep mechanical
behavior of red-bed soft rocks more difficult to predict and
understand [12]. In order to better reveal the complex phe-
nomenon of rock creep destruction, the energy theory to
analyze the law of rock damage is gradually recognized by
the majority of scholars [13].

The application of energy theory in rock mechanics was
originally used to analyze structural damage. Based on a lot
of studies on energy conversion, the energy criterion for
judging the damage to rock structure was proposed [14,
15]. Subsequently, the study of energy evolution characteris-
tics and energy dissipation in the process of rock loading was
gradually deepened, the damage variable and energy storage
coefficient based on the energy dissipation theory were
proposed, and the quantitative characterization of internal
energy storage and dissipation was realized [16, 17]. In
recent years, through extensive analysis of the energy dissi-
pation law of the rock addition and unloading test process,
it is found that there is a linear relationship between the
elastic energy and dissipation energy density of the loading
process and the total input energy density, namely, the linear

energy storage law [18–20], while an increase in the number
of cycles during the loading and unloading tests will reduce
the rock energy storage limit [21]. Through comparative
analysis of the uniaxial cycle and unloading test, grading
loading creep test and creep and unloading test results found
that the creep process has no effect on elastic energy density,
puts forward the energy evolution of rock creep damage,
which provides a new idea for the calculation of creep pro-
cess energy density, and put forward a method can effec-
tively predict the damage stress [22–24].

The above study shows that the establishment of a red-
bed soft rock damage criterion based on energy evolution
can reveal the creep damage and damage mechanism of
red-bed soft rock [25]. Due to the complexity of the engi-
neering geological environment in South China, the creep
process of the chemical environment, stress state, and the
comprehensive effect of groundwater seepage under the
conditions of creep characteristics, damage evolution, and
energy dissipation characteristics remains to be a lot of
research [26–28] and reveals that the internal mechanism
of soft rock engineering geological disaster prevention is of
great significance.

Most of the studies on creep energy evolution currently
use the test method of loading and unloading to analyze
the rock, and there is a lack of research on the energy evolu-
tion law of the triaxial graded loading creep test. In this
paper, based on the engineering geological environment of
South China, different chemical, stress, and seepage experi-
mental conditions are designed to carry out the graded load-
ing creep test of red-bed soft rock. By analyzing the energy
transformation in the creep process of red-bed soft rock,
we find that it has a unique law of energy evolution. In each
creep stage, the elastic energy and dissipative energy of a
rock show different characteristics and influence each other.
This law of energy damage evolution provides a new per-
spective for us to reveal the mechanical properties and fail-
ure mechanism of rocks. At the same time, our results also
show that the creep deformation and energy dissipation
characteristics of red-bed soft rocks under complex environ-
mental conditions are universal, which provides an impor-
tant theoretical basis for predicting and evaluating the
creep instability and long-term stability of such rocks.

2. Triaxial Compression Test

The experimental red-bed soft rock is collected from a con-
struction site in Quanzhou, Guilin, as shown in Figure 1, and
the XRD composition test indicates that it is made of quartz,
plagiospar, potassium feldspar, and a small amount of dolo-
mite. The main chemical components are silica, iron oxide,
calcium oxide, alumina, etc., which belong to the weathered
sandy rock class. However, the test samples are processed
into standard cylindrical specimens with 100mm height
and 50mm diameter according to the rock mechanics test
specification, and the surface is polished and smooth to
make standard test samples, as shown in Figure 2. The dry
density of the specimens was tested to be 2.18-2.27 g/cm3,
and the porosity was 6.58-7.01%.
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The equipment used in the test is a rock-automatic triaxial
instrument, as shown in Figure 3. The equipment is jointly
developed by theWuhan Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, and Guilin University of Tech-
nology by axial pressure, confining pressure, temperature, air
permeability, liquid permeability, and dynamic load, composed
of six sets of independent control modules. Themaximum axial
force of 2000kN, the maximum confining pressure of 60MPa,
and the maximum seepage pressure of 60MPa can be
provided. It has a variety of load or displacement control
modes and can be an arbitrary conversion function, a rock
solid-liquid-gas-heat multifield coupling mechanic test.

2.1. Test Program and Steps. In order to determine the stress
value of each stage of the creep test under different experi-
mental conditions, the triaxial compression mechanical
characteristics of the sample were first tested. The test was

divided into three groups: A, B, and C. The sulfuric acid
solution with different pH values was used to simulate the
chemical environment of the sample. The stress and seepage
were realized by applying different confining pressures and
seepage pressures, respectively. In group A, the conditions
are the same confining pressure and seepage pressure and
the different pH values of sulfuric acid solution. In group
B, the seepage pressure and solution pH are the same with
different confining pressures. In group C, the same confining
pressure, solution pH, and seepage pressure are different. In
the triaxial compression test, the confining pressure is
applied to the preset value at a loading rate of 0.05MPa/s,
and then the axial load is applied to the specimen failure at
a loading rate of 0.5MPa/s. Three rock samples were selected
for testing under each test condition. The measured stress-
strain curves are shown in Figure 4, and the average strength
is shown in Table 1.
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Figure 2: Red-bed soft rock specimens and their XRD diffraction patterns.
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In the same stress state, with the decrease of pH value,
the reaction between the solution and the internal mineral
of the sample intensifies, resulting in the destruction of the
internal structure and pore increase, the decrease of peak
strength and elastic modulus, and the increase of plastic
deformation ability and peak strain. With the increase of
the same pH solution, the radial deformation of the red-
bed soft rock is inhibited, and the elastic modulus, peak
strength, and peak strain all increase, but the difference in
the changing trend of the experimental curve is the least,
indicating that the elastic modulus does not change much.
Under the condition of certain confining pressure, the
seepage pressure increases, which continuously reduces the
effective stress of the fine particle structure, and the particle
fluidity increases, resulting in the reduction of the peak
strength of red-bed soft rock. These characteristics are
consistent with the results of other scholars and will not
be repeated.

3. Creep Characteristic Test

The creep test uses the stage loading method. According to
the experimental results of triaxial loading under different
test conditions, the applied load of the creep test is divided
into 5 stages, which are 40%, 50%, 60%, 70%, and 80% of
the maximum deviational stress in order. The specific exper-
imental scheme is as follows: first, apply a small axial pres-
sure, then load the confining pressure to the set value at a
rate of 0.1MPa/s, then open the seepage control valve to pass
pure water into the water inlet at the upper end of the three-
axis gripper, so that the water inlet pressure is maintained at
the preset value of the experiment, and keep for a certain
time until the specimen is deformed and stable. Then, the
axial pressure is loaded to the preset value at the rate of
0.1 kN/s, and the axial pressure of each stage is maintained
for enough time until the axial strain is fixed, and then the
next stage of axial pressure is loaded, and the last stage of

axial pressure is loaded so that the sample is stopped after
damage. Replace the rock sample, repeat the above steps
for another experiment, and record the axial strain data
during the experiment.

3.1. Creep Characteristics and Creep Strength. The creep
curves of graded loading under different test conditions are
shown in Figure 5. Due to space limitation, only 4 groups
of creep curves are given in this paper, which represent the
creep process when pH value, seepage pressure, and confin-
ing pressure cross change.

It can be seen from Figure 4 that the strain-time curve
trend of all specimens in the whole creep process of red-
bed soft rock is roughly similar. Under the same experimen-
tal conditions, with the increase of graded load, the steady
creep rate of rock increases gradually, and the creep charac-
teristics become more and more obvious. Especially when
the last stage load is applied, the accelerated creep phenom-
enon is obvious. The duration of the creep failure stage is
short, but the deformation is large.

When the stress and seepage pressure are the same, the
more acidic the solution is, the more obvious the corrosion
damage to red-bed soft rock is. The instantaneous deforma-
tion and creep deformation of the sample increase, the creep
characteristics become more obvious, and the duration of
the instability failure stage is shorter. When pH value and
seepage pressure remain unchanged and confining pressure
increases from 1.5MPa to 3.5MPa, creep strain decreases.
When the fourth-stage load is applied, the increase of con-
fining pressure prolongates the creep stabilization time.
When pH value and confining pressure remain unchanged
and seepage pressure increases, creep curve morphology
changes little under the first four loads, but creep strain
increases slightly. When the fifth-order load is applied, the
duration of the accelerated creep phase is obviously short-
ened, the creep strength is obviously reduced, and the creep
deformation is also increased.
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Figure 3: Automatic rock triaxial test system.
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3.2. The Strain and Strength of Creep

3.2.1. Creep Strain. The strain generated at each stress level is
divided into two parts: instantaneous strain and creep strain.
Then, the strain increment can be expressed as

Δεi = Δεi1 + Δεi2, 1

where Δεi is the total strain increment at each level, Δεi1 is
the instantaneous strain increment at each level, and Δεi2
is the creep strain increment at each level.

The test results at the fourth stress level were taken as an
example (Table 2) to compare the composition of strain
increments at each stress level. The absolute values of instan-
taneous strain and creep strain are different, but their pro-
portion in the total strain increment is about 50%. The
more acidic the chemical solution is, the more serious the
corrosion degree of the internal structure of the rock, the
larger the total strain increment, and the instantaneous
strain slightly predominates. With the increase of confining
pressure, the total strain increment decreases slightly but
has little effect on the proportion of instantaneous strain
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Figure 4: Triaxial stress-strain curves under different experimental conditions.
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and creep strain. With the increase of seepage pressure, the
rock sample particles are more prone to dislocation slip,
the total strain increment is larger, and the creep strain is
slightly dominant.

3.2.2. Creep Strength. Under the creep condition under frac-
tional loading, the creep strength of the sample is between
the failure stress level and the previous stress level and is
related to the action time of the failure stress level. The cal-
culation relationship is as follows:

σT = σn−1 + σn − σn−1
t
T
, 2

where σT is the creep strength of the specimen, MPa; σn is
the destructive stress level, MPa; t is the duration of the
destructive stress level, h; and T is the creep time per stress
level, h.

The calculation results of creep strength are shown in
Table 3.

According to the calculation results of creep strength,
increasing the acidity of the chemical solution is the most
unfavorable to the bearing capacity of the sample; not only
does the strength decrease obviously, but also the duration
of the accelerated creep stage is the shortest. The second
unfavorable factor is the seepage pressure, while the confin-
ing pressure is beneficial to the lifting capacity. The internal
structure of the specimen underwent complex changes in
the creep process under the coupled action of chemical-
stress-seepage. Firstly, the acidic solution corrodes the pore
structure and skeleton, enhances the seepage channel, and
degrades the mechanical properties. Secondly, the seepage
channel of red-bed soft rock is blocked by the compaction
of low axial pressure and confining pressure, and the
seepage pressure becomes the reaction of axial pressure
and confining pressure, and the deterioration of seepage is
inhibited. Then, higher axial pressure and creep damage
caused the formation and expansion of cracks inside the
sample, and the seepage channel was opened and strength-
ened again. Chemical corrosion, axial pressure loading, and
fluid erosion formed a combined force to destroy the
sample.

4. Evolution Characteristics of Creep Energy

4.1. Principle of Energy Dissipation in Creep under Fractional
Loading. According to the first law of thermodynamics,
assuming that there is no heat exchange between the test sys-
tem and the outside, the total energy Uz input by the testing
machine to do work on the specimen is converted into elastic
energy Ue and dissipative energyUd. Among them, the elastic
strain energy is stored in the specimen, and the dissipative
energy is dissipated or released with the structural adjustment,
damage, deformation, and deformation failure of the rock.
Under the creep condition of graded loading, Uz includes
the work done by the testing machine on the specimen in
the loading stage and the creep stage, which are, respectively,
as follows Ul and Uc. Dissipative energy can be divided into
load-phase dissipative energy Udl and creep-phase dissipative
energy Udc. Therefore, the energy inside the sample at each
stress level satisfies the following relationship:

Uz =Ue +Ud =Ul +Uc,
Ud =Udl +Udc

3

The destruction of the specimen is inevitably accompanied
by energy dissipation, and the dissipated energy can be used as
an important indicator of specimen damage. Through a series
of cyclic loading and unloading tests, surface rock loading
exists in the linear energy storage law [17, 18]. That is, the elas-
tic energy Uie input into the specimen during loading is line-
arly related to the total energy Uiz.

Uie = kUiz + b, 4

where the slope of the straight line k is the energy storage coef-
ficient, representing the ability of the specimen to store elastic
energy, the intercept b is generally negligible, and i is the dif-
ferent loading levels.

The simplified linear energy storage law can be expressed
as the ratio of the elastic energy Uie or dissipated energy Uid
to the total input energy Uiz , which is a constant value. That
is, Uie/Uil = k or Uid/Uil = 1 − k. The above results provide
ideas for the calculation of energy under graded loading
creep conditions.

Based on the principle of linear energy storage, com-
bined with the graded loading creep stress/strain relation-
ship in Figure 6, the whole process loading path of step
loading creep is drawn, as shown in Figure 7, and then the
total energy, elastic energy, and dissipative energy of the
stepwise loading creep test are calculated.

Based on the principle of linear energy storage, the influ-
ence of the creep stage on elastic energy is ignored, and the
loading stage is assumed to be the linear elastic stage; that
is, the elastic modulus of each stage Ei is expressed as

Ei =
Δσi
Δεi

= σi − σi−1
εil − εi0

, 5

where σi is the stress applied at each loading stage and εi is
the strain applied at each loading stage.

Table 1: Test results of compressive mechanical properties of red-
bed soft rock.

Group pH σ3/MPa P/MPa (σ1-σ3)/MPa

A1 3 1.5 1.0 25.42

A2 4 1.5 1.0 30.01

A3 5 1.5 1.0 34.68

B1 4 2.5 1.0 33.98

B2 4 3.5 1.0 37.23

C1 4 3.5 2.0 32.19

C2 4 3.5 3.0 26.57

σ3: confining pressure; P: seepage pressure; (σ1 - σ3): deviatoric stress.

6 Geofluids



0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

10.17 MPa
12.71 MPa

15.25 MPa

17.79 MPa

20.23 MPa

Time (h)

St
ra

in
 (%

)

(a) pH = 3, P = 1MPa, σ3 = 1 5MPa

0 20 40 60 80 100
Time (h)

0.0

0.4

0.8

1.2

1.6

2.0

12.004 MPa

15.005 MPa

18.006 MPa

21.007 MPa

24.010 MPa

St
ra

in
 (%

)

(b) pH = 4, P = 1MPa, σ3 = 1 5MPa

0 20 40 60 80 100 120
0.0

0.3

0.6

0.9

1.2

1.5

Time (h)

14.892 MPa
18.615 MPa

22.338 MPa

26.061 MPa

29.784 MPa

St
ra

in
 (%

)

(c) pH = 4, P = 1MPa, σ3 = 3 5MPa

0 20 40 60 80 100
0.0

0.4

0.8

1.2

1.6

2.0

Time (h)

10.628 MPa

13.285 MPa

15.942 MPa

18.599 MPa

21.562 MPa
St

ra
in

 (%
)

(d) pH = 4, P = 3MPa, σ3 = 3 5MPa

Figure 5: Graded loading creep test curve.

Table 2: Creep deformation under the fourth loading.

Group Δεi
Δεi1 Δεi2

Value Ratio/% Value Ratio/%

A1 0.427 0.225 52.69 0.203 47.54

A2 0.317 0.163 51.42 0.154 48.58

A3 0.241 0.119 49.38 0.122 50.62

B1 0.278 0.137 49.28 0.141 50.72

B2 0.227 0.123 54.19 0.105 46.26

C1 0.265 0.144 54.34 0.121 45.66

C2 0.369 0.170 46.07 0.199 53.93
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The relationship between the elastic/dissipative energy in
the loading phase and the total energy input is

Uei = kUzi or Udli = 1 − k Uli, 6

where k is the linear energy storage coefficient.
Then, the input total energy density U , elastic energy

density Ue, and dissipated energyUd are calculated as follows:

U =
εi1

εi0

σ ε dϵ = Ei εil − εi0
2

2 , 7

U =Ue +Ud , 8

Uei =
1
2E σ21 − 4υσ1σ3 , 9

Ud =Udci +Udli, 10

where ν is Poisson’s ratio.
Furthermore, the dissipated energy density Udci in the

creep stage is calculated as follows:

Udci

εi2

εi1

σ1dε, 11

where Ei is the modulus of elasticity of the specimen during
the loading stage at different stress levels, U is the total
energy density of the whole process, Uei is the elastic energy
density during the loading phase at different stress levels,
and Udli is the dissipated energy density during the loading
phase at different stress levels.

4.2. Energy Storage Law in the Whole Process of Creep.
According to formulas (5) and (7), the total energy density
and elastic energy density of the specimen were calculated,
respectively, and the energy storage curve drawn according
to the calculation results is shown in Figure 8.

As shown in Figure 6, under the coupled condition of
chemical-stress-seepage, the elastic energy density and total
energy density of the sample meet a linear relationship; that
is, the elastic energy density of each stress level increases
linearly with the total energy density. The slope of the fitted
line is the energy storage coefficient k. Specific data are
shown in Table 4, which can quantitatively characterize the

ability of the sample to convert the absorbed energy into
elastic energy.

With the increase of pH value and confining pressure, the
k value increases, but the k value decreases with the increase of
seepage pressure. From the point of view of the mechanical
energy storage of the rock body, the greater the rock strength,
the better the elastic energy storage. It can be seen that solution
acidity and seepage pressure weaken the rock strength while
confining pressure enhances the peak rock strength, which is
consistent with the change in elastic modulus.

4.3. Characteristics of Energy Dissipation in the Whole Creep
Process. From a mechanical point of view, the deformation
and failure process of rock is an irreversible process of
energy dissipation. The existence of rock energy storage
capacity as an energy source medium significantly affects the
stability of deformation and generally affects the mechanical
properties of the deformation process. During the loading
phase, the specimen continuously converts the work done by
the external forces into elastic energy stored inside the speci-
men. With the increase of applied load, when the elastic
energy stored in the sample exceeds its energy storage limit,
the elastic energy is released, resulting in plastic failure and
instability of the sample.

Based on equations (8) and (9), the dissipated energy
density of the specimen at the loading stage and the creep
stage was calculated, respectively, and the change curves of
elastic energy density, the dissipated energy density at the
loading stage, and the creep stage with time were drawn, as
shown in Figure 9.

The elastic energy density and dissipated energy density
at the loading stage and the creep stage all increase nonli-
nearly with the loading time, but the dissipated energy den-
sity is less than the elastic energy density. The dissipated
energy in the loading stage is mainly used for internal struc-
tural adjustment, fracture generation, and expansion. With
the continuous accumulation of specimen damage, the dissi-
pated energy increases gradually. The dissipated energy in
the creep stage is mainly used to produce plastic strain,
which is directly related to the creep strain. In the low-
stress stage, the dissipative energy of creep is lower than that
of loading, which indicates that the internal structural
adjustment of rock is dominant in this stage, and the creep
stage usually shows stable creep. Under the continuous
action of higher stress, the energy dissipation rate keeps
increasing, and the dissipative energy of creep gradually
exceeds the dissipative energy of loading, which indicates
that the plastic deformation of the specimen becomes dom-
inant and the creep stage turns to unstable creep.

4.4. Characterization of Creep Damage. From the thermody-
namic point of view, the internal structural adjustment of
red-bed soft rock and the generation and expansion of
fissures are accompanied by energy dissipation, and the
evolution of specimen damage is an energy-dissipating and
irreversible process, which is the internal cause of specimen
deformation and destruction. Under graded loading condi-
tions, the damage of the specimen accumulates gradually
with the loading level and creep; the higher the damage

Table 3: Calculation results of creep strength.

Group Failure stress/MPa Duration/h Creep strength/MPa

A1 20.336 4.983 18.322

A2 24.01 9.316 22.173

A3 27.744 20.180 27.192

B1 27.184 13.975 25.765

B2 29.784 18.961 29.002

C1 25.752 13.98 24.408

C2 21.562 9.171 19.731
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Figure 6: Graded loading creep stress/strain relationship.
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Figure 8: Linear energy storage law for red-bed soft rock specimen.

Table 4: Energy storage coefficient under different experimental conditions.

Group pH σ3/MPa P/MPa k

A1 3 1.5 1.0 0.54881

A2 4 1.5 1.0 0.56285

A3 5 1.5 1.0 0.63492

B1 4 2.5 1.0 0.60155

B2 4 3.5 1.0 0.63476

C1 4 3.5 2.0 0.57769

C2 4 3.5 3.0 0.50079
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degree of the specimen, the more obvious the energy dissipa-
tion, the less elastic energy stored in the loading stage, and
the lower the storage limit of the specimen. In order to quan-
titatively describe the damage evolution of the sample during
the test, the ratio of dissipated energy Ud to the cumulative
dissipated energy Us at the moment of sample instability
was defined as the energy damage variable Du. In this paper,
the initial damage of the sample is ignored, the pretest spec-
imen damage variable is defined as 0, and the damage vari-
able of the sample at the moment of creep instability is
defined as 1. Under different stress levels, the damage vari-
able of the sample can be characterized as

Us = 〠
n

i=1
Udli +Udci ,

Dui =
Udli +Udci

Us
,

12

where Us is the total dissipated energy density of the speci-
men at the moment of creep destabilization and Dui is the
damage variable at different stress levels.

The above formulas were used to calculate the damage
variables in the whole process of creep under different stress
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Figure 9: Evolution of energy density − time.
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levels, and the change curve of the sample damage variables
was drawn, as shown in Figure 10.

With the increase of the level of graded loading stress,
the creep of rock goes through three stages: deceleration
creep, constant velocity creep, and accelerated creep, and
the damage variables also increase slowly, accelerate, and
rapidly. In the deceleration creep stage at a low-stress level,
the damage variable slowly presents a linear increase, and
the damage growth rate is similar. When the stress is applied
to the creep stage of constant velocity, the damage growth
rate is accelerated, and the difference in damage variables
begins to appear. In the accelerated creep stage of the failure

stress level, the slope of the curve increases further, and the
damage occurs rapidly.

Due to the differences of the samples themselves, the dam-
age variables were not strictly arranged in the order of pH
value, confining pressure, and seepage pressure. In general,
the stronger the acidity, the smaller the confining pressure,
and the larger the seepage pressure, the greater the damage
degree. In the phase of constant velocity creep, there is, on
the one hand, the inherent damage caused by internal structure
damage caused by loading, and on the other hand, the gradual
damage caused by creep deformation, both of which work
together to make obvious differences in damage variables.
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Figure 10: Creep damage evolution curves at each loading stage.
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4.5. The Harden-Damage Effect of Coupled Creep. Damage
and hardening exist simultaneously in the creep process
under fractional loading, and the two effects restrict the
whole process of creep mutually. The hardening effect is
mainly manifested in the increase of elastic modulus of
red-bed soft rock in the loading stage, which is more condu-
cive to energy storage and accumulation. The damage is
reflected in the deterioration of the mechanical properties
of the specimen. With the increase of the load level, the
creep deformation continues to increase, and the creep rate
gradually increases, resulting in a decrease in the viscosity
coefficient, making it more prone to plastic failure, and a
sudden increase in dissipated energy density. The different
degrees of damage in specimens at different stress levels
can well explain the phenomenon of increasing strain and
accelerated creep. The deterioration of the specimen is more
obvious at higher stress levels, and the damage effect is
dominant.

During the graded loading creep test, both damage and
hardening mechanisms coexist and constrain each other
throughout the creep process. The damage of the specimen
is accompanied by energy dissipation, and except for the
damage level, the damage of the specimen shows a linear
increase in relationship with the increase of the stress level,
which fully indicates that the damage of the specimen has
a transmission and accumulation nature. Therefore, when
adopting the graded loading method to study the creep dam-
age of red-layer soft rock, the cumulative effect of damage in
the history of loading and creep stages should be considered.

The damage of the specimen is essentially a continuous
energy-consuming process; the specimen creep damage is
transmissive and cumulative. As can be seen from the figure,
in addition to the accelerated creep stage, the damage degree
of the specimen with the increase in the load level is approx-
imately a linear growth relationship. In this paper, when the
graded loading creep test is used to study the creep damage
of red-layer soft rock, the cumulative effect of damage in the
history of loading and creep stages should be considered
comprehensively.

From Figure 9, it can be observed that in the middle of
loading, when the stress level is at the middle-stress level,
the elastic energy of the specimen accumulates a lot, which
is due to the fact that at this time the elastic energy is
increasing, leading to a significant enhancement of the hard-
ening effect. However, the dissipated energy in the loading
phase of this stage also increases gradually, so at this time,
the damage effect and the hardening effect of the specimen
are constrained by each other. When the specimen enters
the late stage of loading, the stress level gradually grows to
the level of destructive stress; at this time, the dissipated
energy increases significantly, and the damage effect of the
specimen dominates at this stage.

The influence of chemical-stress-seepage coupling on the
hardening-damage effect is mainly reflected in the elastic
modulus of the sample and the actual yield stress. The
changes in pH value, confining pressure, and seepage pres-
sure affect the rock structure to different degrees. The higher
the damage degree, the more obvious the elastic modulus
hardening effect at the initial loading stage, the higher the

elastic energy storage efficiency of the sample, and the
energy storage limit will also increase. At the same time,
the damage also leads to the reduction of yield stress, and
the accelerated creep stage is more easily induced under
the same conditions, which accelerates the creep failure
and energy dissipation process of the sample.

5. Conclusion

(1) The acidity of the chemical solution has the greatest
effect on the triaxial strength and creep strength of
the red-bedded soft rock in South China, causing
irreversible damage. Creep damage increases with
increasing acidity, decreasing confining pressure,
and increasing seepage pressure, and the ability of
absorbed mechanical energy to be converted into elas-
tic energy decreases with a corresponding increase in
the total strain increment. In addition, when acidity
increases, the transient strain accounts for a larger
proportion of the total strain. When the seepage pres-
sure increases, creep strain accounts for a larger pro-
portion of the total strain

(2) During the chemical-stress-percolation creep pro-
cess, the damage growth shows “slow-accelerating-
rapid,” which is transmissive and cumulative with
the increase in loading level. In the creep stage, the
damage growth rate is accelerated, and the difference
in damage variables appears

(3) In the step-loading creep process, there is a linear
relationship between the elastic energy density and
the total energy density, and the elastic energy den-
sity and the dissipated energy density in the loading
stage and the creep stage all increase nonlinearly
with the loading time. The energy dissipation law
can explain the “hardening-damage” effect in the
creep process of red bed chondrite samples

(4) In the low-stress stage, the loading energy is mainly
used for the adjustment of the internal structure of
the specimen, the deterioration of mechanical proper-
ties by seepage is suppressed, and the creep dissipation
energy is lower than the loading dissipation energy. In
the higher stress stage, the seepage channel increases
with the crack extension, the energy dissipation rate
increases, and the creep dissipation energy gradually
exceeds the loading dissipation energy
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