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The deterioration of rock mass under dynamic mechanical state is difficult
to determine, especially when evolution trends of micro-fractures are
considered. Taking the limestone from Wuxia section of the Three Gorges
Reservoir area as studying case, cross-scale tests and theoretical analysis
were adopted to study the influence of dry-wet cycles on rock deterioration.
The weakly acidic condition (pH = 6) and the dry environment at 105°C
were together constituted the two extreme mechanical states of the dry-
wet cycles. Meanwhile, the number of dry-wet cycles and soaking time
were used as the main variables to analyze the deterioration trend. After
introducing the damage mechanics, the quantitative relationship between
the mechanical parameters and changing mechanical states was obtained.
Combined with the microstructure obtained by scanning electron microscope
(SEM), it can be found that with the increase of dry-wet cycles and soaking
time, the morphology of mineral particles changed, the number of secondary
pores gradually increased, the surface structure became looser, and the
microcracks gradually increased, causing the decrease of macro strength. The
related method proposed in this paper could provide significant references to
determine the mechanical parameters of rocky reservoir bank.

reservoir banks, dry-wet cycles, deterioration trend, damage evolution, soaking time

Introduction

The development of rock mechanics and engineering involves transportation
engineering, geological engineering, civil engineering, hydropower engineering and
other professional fields of economic construction (Feng et al.,, 2019; He et al,, 2021;
Lawal and Kwon, 2021; Wu et al,, 2021; Wang et al, 2022; Zhuang et al,, 2022).

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.1033935
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.1033935&domain=pdf&date_stamp=2022-10-28
https://doi.org/10.3389/fevo.2022.1033935
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.1033935/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Gao et al.

As a material with heterogeneous, discontinuous and
the

can be reflected by the constitutive model. Dougill et al. (1976)

anisotropic, rock mass’s deformation characteristics
firstly proposed the problem of damage mechanics for rock
material, and Dragon and Mroz (1979) established a continuum
damage mechanics model that can reflect strain softening.
Then, the related theory was applied to different aspects, and
the damage mechanism was established to study the brittle
damage problem based on the structural characteristics of rock
mass (Krajcinovic and Fonseka, 1981; Krajcinovic and Silva,
1982). By introducing the damage models, the evolution process
of rock can be further quantified. Based on the continuum
damage mechanics, Li et al. (2015) proposed a statistical
damage constitutive model under the complex stress state,
which can reasonably predict the stress-strain relationship
of soft rock, especially the strain softening behavior. Based
on the constitutive model related to the Weibull distribution
and unified strength theory, Shen et al. (2019) developed
damage mechanics by considering the statistical damage, strain
softening and damage weakening of rocks in the deformation
process.

The physical and mechanical properties of rock mass
are different, caused by the complexity and variability of
the geological environment (Parise et al, 2015; Rehman
et al, 2021). There are a large number of landslides and
dangerous rock masses in the Three Gorges Reservoir area,
posing a severe threat to the property and life of the
surrounding people (Yin et al, 2015, 2017; Zhou et al,
2022a). Since the Three Gorges Reservoir stored water in
2008, a hydro-fluctuation belt with a length of more than
150 km is dominated by carbonate rocks (Yin et al,
2016).

Due to the periodic fluctuation of water levels (Wang
et al,, 2021a,b; Zhou et al., 2022b), the carbonate rocks on the
reservoir banks deteriorated under the water-rock action, and
their integrity and strength gradually decreased (Zhang et al,
2022). In order to analyze the deterioration trend of rock mass,
the dry-wet cycle tests are often used to simulate the complex
dynamic mechanical environment (Wang et al., 2020b,c). This
indoor test method can mimic the deterioration progress of the
actual condition in a relatively short time. After obtaining the
test data, the relationship between macro strength and micro
damage can be investigated through the damage constitutive
model to finish the cross-scale analysis. However, the existing
research still has a significant gap with the reservoir banks
regarding dynamic mechanical states. In this case, taking the
limestone in the Wuxia section in the Three Gorges Reservoir
area as the research object, the macro and micro tests were
used to study the deterioration of rock samples under water-
rock action. Based on the test results, the constitutive models
of rock mass were obtained to quantify the deterioration trend.
It can provide significant references for the stability evaluation
of rocky banks under changing mechanical states.
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Study area

The Jianchuandong dangerous rock mass is located in the
left bank of the Wuxia section of Yangtze River (Figure 1),
with an average height of 114 m, a width of 15~50 m, and a
volume of about 35.75 x 10* m>. The landform of the study
area was in the shape of a “V” with deep cut and eroded. The
overall gradient of the medium-steep slope was 40~50°. The
relatively developed fissures in the lower part had accelerated
the water-rock interaction, and the strength of the base rock
mass gradually decreased (Wang et al,, 2020a,b,c). If this type
of rocky reservoir banks collapse, it would directly threat the
shipping vessels and cause a surge hazard (Yin et al, 2022).
Since this specific carbonate rocks are widely distributed in high-
steep canyon areas, it is significant to study their deterioration
characteristics.

The compact limestones in the study area were collected,
and the mineral contents were tested by the polarized light
microscope. The mineral compositions of the rock samples were
mainly calcite, with a small amount of bioclastic, clay minerals,
chlorite and quartz (Figure 2). Calcite was in the shape of
xenomorphic granular, generally less than 0.03 mm in particle
size, with micrite structure, prominent amphibious protrusions,
and high-grade white interference color. Clay minerals were
distributed in irregular stripes with small amounts of chlorite
and quartz. Trilobites were fiberglass structures interspersed
with a few late-stage calcite veins.

The design of tests

The test method of dry-wet cycles was the basis for studying
the rock damage under water-rock action. The differences in
drying, saturation and soaking time will directly influence the
mechanical states of rock. Scholars have conducted in-depth
research on dry-wet cycles with different rocks in recent years.
However, previous studies were mainly concentrated on rock
samples with high water absorption, the compact rocks were
rarely involved. The cylinder rock samples with diameters of
50 mm and heights of 100 mm were used to calibrate the
method of dry-wet cycles (Liu et al,, 2018; Wang et al., 2020b).
Specifically, the vacuum saturation method was used to achieve
the saturation process, and the drying process was carried out in
an oven at 105°C. These test results provided essential data for
subsequent experiments on different water-rock interactions.

It can be found from Figure 3 that after the constant drying
environment in the oven, the moisture contents of samples
decreased after 48 h and were basically in a stable state, and
the moisture contents at this time were about 8%. Under the
vacuum-saturated conditions, the sample’s moisture contents
reached about 93% in the first 48 h, then gradually increased
to 98%. Therefore, based on the preliminary experiments, the
drying and saturation time in the subsequent study was 48 h.
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Photograph of Jianchuandong dangerous rock mass.

£
1

o . . Accessory | Secondary
Main minerals/content | Minor minerals/content )
minerals minerals
Bioclastic 2~3%;
Clay minerals 2~3%; Metal
Calcite 95% ) ) —
Chlorite small amount; | minerals
Quartz small amount;

FIGURE 2
Micrographs of the limestones.

According to the related references (Liu et al., 2018; Wang
et al,, 2020a), the number of dry-wet cycle tests are designed
involving 1, 3, 6, 10, 15, and 30 cycles. The prepared limestone
samples were placed vertically in a vacuum chamber, and the
pump air was used to make the vacuum chamber reach a
negative atmospheric pressure, and the pressure was kept for
6 h. Then the valve was turned off and the solution with pH
= 6 was added until the samples were completely submerged.
After 2 days, the limestone samples were taken out; this state
was set as saturated. The samples were moved to an oven and
the temperature was set to 105°C, and the samples were taken
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out after 2 days; this state was set as dry. Under this condition,
the soaking time of each cycle was 2 days, and it took about 130
days to complete 30 dry-wet cycles. The specific experimental
design for water-rock interactions is shown in Figure 4.

The southwest region used to be one of China’s earliest
areas polluted by acid rain (Zhang and McSaveney, 2018). The
mineral components in rock will be dissolved under acidic
solution, leading to the variation of strength parameters and
microstructures. In this case, the solution with pH = 6 prepared
with HNOj3 was used in the test. Due to the continuous reaction
between rock samples and solution during the test, the pH value
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FIGURE 3
Curves of moisture content during dry-wet cycles

of solution will change dynamically. Therefore, we periodically
kept calibrating the pH of the solution to ensure the pH was at a
constant value.

Effect of dry-wet cycles
The uniaxial compression test

The failure process and the corresponding stress-strain
curves under dry-wet cycles were obtained (Figure 5). It can be
found that with the increase in the number of dry-wet cycles, the
plastic strains of samples decreased obviously. When the strain
reached the peak points, the stress dropped instantly, and the
samples were instantly destroyed without residual deformation.

The uniaxial compressive strength (o) and elastic modulus
(E) of the rock samples decreased obviously after dry-wet cycles

10.3389/fevo.2022.1033935

(Figure 6). Specifically, after 30 dry-wet cycles, the o, and E of
samples in the saturation state dropped by 49.20 and 32.53%,
respectively. Meanwhile, after 30 dry-wet cycles, the o, and
E of samples in the dry state dropped by 45.03 and 29.00%,
respectively.

Most researchers studied the strength of the rock in dry state
after dry-wet cycles (Liu et al., 2018; Li et al,, 2021). However,
the influences of dry-wet cycles under different states may be
different (Figure 7). The results showed that the mechanical
parameters of saturated limestone under the same number of
dry-wet cycles (n) are basically smaller than those in the dry
state. With the increase in dry-wet cycles, the difference values
of 6. and E between the saturation and dry state presented
increasing trends. After 30 dry-wet cycles, the difference of
oc increased from 3.52 to 19.35 MPa, and the difference of E
increased from -0.11 to 0.48 GPa. Notably, based on the actual
test data, it can be found that there are some conflicts with
the overall trend due to the discreteness of the rock sample.
However, the error of single data does not affect the status
of elasticity modulus. As for the compact limestone used in
this paper, due to the low water content, the difference in
mechanical parameters between the saturated and dry state at
low cycle times was small. With the increase of dry-wet cycles,
the influence of moisture content on the strength will be greater.

Analysis of deterioration rules

There are tiny fissures on the surface or inside of rock
(generally referring to voids or cracks less than 1 mm), and
the existence and expansion of fissures are the main reasons
for the decline of the strength. When mechanical environments
are changed, defects are continuously generated, causing the
deterioration of rock or structure. This process is defined as

Simulation of water-rock interaction under
different conditions
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| ® 2 days

6 cycles The design of dry-
10 cycles wet cycles

The design of | |® Sdays

15 cycles

soaking time ® 10 days

30 cycles I

Mechanical experiments after
dry-wet cycles

|

l_ Microscopic
experiment

SEM test

FIGURE 4
Flowchart of experimental design for dry-wet cycle.
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damage (Zhao et al, 2017). As described above, it can be
found that under the action of dry-wet cycles, the mechanical
strength parameters of rock will gradually decrease, indicating
that the internal micro-defects in rock are intensified due to the
continuous erosion of the solution.

According to the strain equivalence theory proposed by
Lemaitre et al. (1992), the effect of damage on the rock can
be expressed in terms of equivalent stress. During the dry-wet
cycles, the internal structure of limestone will change, leading
to a change in the macro-mechanical strength of limestone. The
degree of deterioration D can be used to quantitatively analyze
the effect of the dry-wet cycle on the strength of limestone; thus,
the total deterioration can be defined as:

Dj =00 — 0j/0¢ x 100% (1)
The average degree of deterioration within a stage is:
ADj=AD/Nj—= Nj-1 = Dy = Dy /Ni =Nt (2)

Where op is the initial mechanical parameter of limestone
before water-rock interaction (i.e., dry-wet cycle and long-term
soaking); o; is the mechanical parameters of limestone after n
dry-wet cycles or t days soaking; N; is the specific number of
dry-wet cycles or the soaking day.

It can be seen from Figure 8 that with the increase of dry-wet
cycles, the deterioration degree of o, and E gradually increased,
while the deterioration degree of the saturated state was slightly
larger than that of the dry state at the same number of cycles.
The results indicated that the damage caused by dry-wet cycles
is a progressive process. The speed of damage accumulation is
fast in the early stage, and gradually tends to be gentle latterly.
Moreover, the deterioration degree of the o, was greater than
that of E.

Figure 9 shows the average degree of deterioration under
dry-wet cycles. With the increase of dry-wet cycles, the average
degree of deterioration of o, basically maintained a gradually
decreasing trend. The average degree of deterioration of E
exhibited a decreasing trend as a whole. After 10 dry-wet cycles,
the degree of deterioration showed a significant decrease. The
changing trends of o, and E showed that the damage degree
of saturated samples was larger in the early stage and gradually
decreased in the later stage.

The degradation damage model

Assuming that 6. and E of samples vary continuously with
the increase of the number of dry-wet cycles, the experimental
data results can be fitted as followings:

0l (n) = o} exp(—n72%%/16.3187) 3)
E*(n) = Ej exp(—n"79% /27.1552)
o?(n) = of exp(—n®72°/18.5119) @
E4(n) = EJ exp(—n®7%02/30.9816)
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Where o and og are the uniaxial compressive strength in the
initial saturated and dry states; Ef) and Eg are the elastic modulus
in the initial saturated and dry states. According to the above
fitting function formulas, the curves of uniaxial compressive
strength and elastic modulus with the number of dry-wet cycles
can be obtained (Figure 10).

The strength of rock is a random variable affected by
various factors. Since these different factors are independent of
each other and have specific statistical laws, the strength can
be described by the statistical distribution. Assuming that the
strength of rock follows the Weibull distribution, its probability
density function is:

Pe) = 2" exp [ ()" )

Where ¢ is the strain of rock; m and F are the Weibull
distribution parameters.

The damage to rock is caused by the destruction of micro-
elements inside the rock. Herein, the ratio of the number of
damaged micro-elements N; to the total number of micro-
elements N is defined as the rock statistical damage variable D,
which is:

No_ e _ NQ-ep[-()])

= 1-er[~(5)"]

According to the theory of continuum damage mechanics,

D =

the following constitutive relation can be obtained:

o = Ee(1 —D) (7)
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Average deterioration degree in o and E under different immersion time. (A) The saturated state after dry-wet cycles (t = 2 day); (B) the
saturated state after dry-wet cycles (t = 5 day); (C) the saturated state after dry-wet cycles (t = 10 day).

Where E and ¢ are the elastic modulus and strain of non-
destructive rock, respectively. After substituting Equation (6)
into Equation (7), the stress-strain relationship can be obtained
as:
3
0 =FEe(1 — D) =Eg exp[—(;)"‘] (8)
The parameters m and F in Equation 8 can be determined
from the peak point of the stress-strain curve c(g., o¢), and the
slope at the peak point is 0, so there are:

de
do's:sc

= E[1— m(%)m]exp[—(%)m] =0 (9

Where ¢, is the peak strain. The peak intensity value c(g., o)
satisfies the Equation:

€
oc = Becexpl—(3)"] (10)
According to Equations (9, 10), we can get:
1
= —5— (11
Ee,
ln(cic)
1 ln(Eﬂ)
F= EC[T o (12)
ln(Ui;)
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Substituting Equation (12) into Equation (6), the statistical
damage evolution Equation can be obtained as:

1
D=1- exp[—;(ai)m] (13)

Therefore, the constitutive relation of rock damage statistics
can be established:

1
o= Eeexp[—;(sﬁ)m] (14)

According to damage mechanics and statistical evolution
Equations, the damage evolution models of limestone under
dry-wet cycles can be established. The relative errors between
laboratory test values and estimated values were basically less
than 10%, and most errors were less than 5%, indicating the
validity of the damage constitutive models (Figure 11).

Influence of soaking time on
mechanical properties

Comparison of mechanical parameters

To study the effect of soaking time on the mechanical
parameters, two test conditions were performed: the soaking
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FIGURE 15
SEM images of microstructure under different dry-wet cycles (5000 times magnification). (A) 1 dry-wet cycle; (B) 3 dry-wet cycles; (C) 6
dry-wet cycles; (D) 10 dry-wet cycles; (E) 15 dry-wet cycles; and (F) 30 dry-wet cycles.

time of 5 and 10 days. On this basis, uniaxial compression tests in the aqueous solution reacted with the minerals in
were carried out after 3, 6, 10, and 15 dry-wet cycles. limestone, resulting in a decrease in mechanical strength.
According to the calibration of the previous test, the soaking The longer the soaking time in the cycle period, the

time during a complete dry-wet cycle test was 2 days. The water- higher the degree of reaction, leading to the lower the

saturated state was taken as an example, and the variation rules mechanical parameters.

of o, and E under different soaking times can be obtained
(Figure 12).
With the increase in dry-wet cycles, the uniaxial

Deterioration effect comparison

compressive strength, elastic modulus and tensile strength The total deterioration degree increased with the increase

of limestone showed downward trends. When the soaking of dry-wet cycles (Figure 13), indicating that under the

time was 5 days, the mechanical parameters after dry-wet combination of cycling and soaking, the limestone also exhibited
cycles were obviously lower than those under conventional continuous deterioration. When the soaking time was 5 days,
dry-wet cycles, especially when the water-saturated time the uniaxial compressive strength and elastic modulus decreased
was 10 days. During the saturation process, the acid ions by 12.09 and 9.69% after three dry-wet cycles, and decreased
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FIGURE 16

days; and (C) soaking time of 10 days.
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The SEM images of microstructure under different soaking time (5000 times magnification). (A) Soaking time of 2 days; (B) soaking time of 5

~

IMicropores are densely distributed,
} and the morphology and arrangement
ofparticles changed

\

A,

Sediment adhered to the
accumulation ofloose clusters

The particle morpholog
completely changed

by 45.44 and 25.26% after 15 cycles. When the soaking time
was 10 days, the uniaxial compressive strength and elastic
modulus of limestone decreased by 14.94 and 7.83% after three
dry-wet cycles, and the decrease rates after 15 cycles reached
50.74 and 20.34 %. Moreover, as for the average degree of
deterioration (Figure 14), the uniaxial compressive strength and
elastic modulus similarly decreased with dry-wet cycles.

Discussion

In-depth studying the microstructural characteristics of
samples is beneficial to analyze the influence of dry-wet cycles
on mechanical strength. Under the influence of polar molecular
charge, thermodynamics and kinetics of the aqueous solution,
the ions in the mineral crystal lattice are transferred into the
aqueous solution. The crystal lattice damage caused by this
process is known as the chemical dissolution of mineral crystals.
It is controlled by various factors such as the properties of rock,
seepage conditions and its occurrence environment (Su and
Zhou, 2020).
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The limestone used in this paper was formed by the rapidly
accumulate of microcrystals. The grains were small and the
internal cleavage was not developed. Therefore, the dissolution
process was mainly dominated by the seepage dissolution along
the grain edge. In the process of water absorption, it was difficult
for the aqueous solution to react with limestone, while the
existence of microcracks provided a channel for migration.
When the aqueous solution entered these microcracks, chemical
reactions occurred. This reaction reduced the bond and friction
strength of the structural surface, and the mechanical strength
of the rock. To study the influence of the dry-wet cycle on
the microscopic morphology of limestone, we carried out the
scanning electron microscope (SEM) tests for the samples.

Effect of cycle number on
microstructure

With the increase in dry-wet cycles, the particle size,

microstructure characteristics and mineral composition

changed obviously (Figure 15). Specifically, the structure of
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limestone shown in Figure 15A was relatively dense. The
development of micro-cracks was not obvious, and the outline
of the particles was clear. The arrangement was tight and the
size was relatively uniform. The particle size was about 0.03
mm, with compactness and homogeneity. According to the
morphological characteristics of pores, the porosity was low and
the connectivity was poor. Therefore, the macroscopic strength
of the samples was high. As the number of cycles increased,
as shown in Figures 15B,C, the microstructure and particle
morphology of limestone changed. The surface undulation
increased, the different sizes of pores were developed, and the
arrangement characteristics of minerals were changed. Some
particles were stacked together to generate the bigger particles
due to the erosion of the acidic solution. After 10 dry-wet cycles,
the morphological characteristics of limestone changed more
significantly (Figure 15D). The surface of the particles changed
from the initial neatly packed shape to the flocculent shape. After
15 and 30 dry-wet cycles, it can be found from Figures 15E,F
that the arrangement of particles gradually transformed into a
state of clastic, with a loose and porous microstructure. These
changes in the surface microstructure and particle morphology
were manifested as a decrease in mechanical parameters on a
macroscopic scale.

Effect of soaking time on
microstructure

Taking the 10 dry-wet cycles as an example (Figure 16),
when the soaking time was 5 days, the particles appeared with
an irregular shape, and some of the particles stacked together
to form particle clusters due to the erosion of acidic solution.
When the soaking time was 10 days, with the increase in dry-wet
cycles, there were more obvious dissolution pores and crevices
on the surface. The dissolution reaction not only occurred in the
cleavage crevices of mineral crystals, but also in mineral crystals,
making the microstructure looser. The component of limestone
mainly is CaCO3. Under the action of acid condition, the CaCO3
will be decomposed as free Ca?*, which is manifested by the
corrosion of crystal structure and the deepening and widening
of pores.

Conclusion

In this paper, the cross-scale tests and theoretical analysis
were carried out considering different dry-wet cycles and
soaking times. As a result, the deterioration trend of the rock
mass on the reservoir banks can be concluded as follows:

The strength parameters of micrite limestone were
weakened obviously by dry-wet cycles, and the mechanical
parameters of saturated limestone were lower than that of dry
state under the same dry-wet cycles. By introducing the damage
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mechanics and statistical theory, the deterioration models were
established. The deterioration degree of compressive strength
was obviously greater than that of elastic modulus, indicating
that the compressive strength was more sensitive to the effects
of dry-wet cycles. It can be found from the trend of fitted curves
that the decline was the largest in the initial stage. With the
increase in dry-wet cycles, the declining speed of mechanical
parameters gradually became slower, while the overall decline
process was continuous.

The acidic environment provided a sufficient condition for
the reduction of mechanical parameters for carbonate rocks,
and continuous immersion was a necessary condition for
further reduction. The uniaxial compressive strength and elastic
modulus of micrite limestone exhibited a decreasing trend with
the increase of soaking time. The microscopic characteristics of
limestone were homogeneous and compact originally. With the
increase in dry-wet cycles and soaking times, the morphology
of mineral particles changed, the number of secondary pores
gradually increased, the surface structure became looser, and
the microcracks gradually increased, causing the decrease of
mechanical parameters on the macro scale.
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