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The crack propagation evolution of carbonaceous mudstone under the action of dry-wet cycles is an important cause of the
unstable failure of this type of slope. This paper attempts to reveal the evolution mechanism of mesocrack and macrocrack
propagation in carbonaceous mudstone under the action of dry-wet cycles from chemical, physical, and mechanical
perspectives. Firstly, the soaking solution of carbonaceous mudstone during the dry-wet cycles was extracted for an ion
concentration test to analyze the chemical reactions of carbonaceous mudstone. Then, CT scans were performed on the
carbonaceous mudstone samples to study the changing pattern of mesostructure of carbonaceous mudstone during the dry-wet
cycles. In the end, the mechanical properties and failure characteristics of carbonaceous mudstone after dry-wet cycles were
studied by triaxial compression tests. The results showed that chemical reactions such as calcite dissolution, potassium feldspar
hydrolysis, and sodium feldspar hydrolysis occurred during the dry-wet cycle of carbonaceous mudstone. Affected by the dry-
wet cycles, the mesostructure of the carbonaceous mudstone gradually changed from face-face contact and edge-face contact to
edge-corner contact and corner-corner contact, and the interlayer flake structure was opened and was locally curled and
fractured. With the increase in the number of dry-wet cycles, the failure characteristic of carbonaceous mudstone transformed
from tensile failure to shear failure, the failure surface of carbonaceous mudstone was deflected from 90° to 60°, and the crack
propagation path of carbonaceous mudstone became more complicated. The chemical reaction of carbonaceous mudstone
minerals during the dry-wet cycle is an important reason for the initiation and development of pores. The dry-wet cycle
aggregates the propagation of mesocracks and structural disorder, transforming the uniform stress state of the rock
mesostructure to the concentrated stress state, which is the important reason for the macrocrack propagation evolution of
carbonaceous mudstone.

1. Introduction

Carbonaceous mudstones are widely distributed in Permian
and Devonian strata in southwest China [1, 2]. They are rich
in clay minerals and primary fissures and have properties
such as easy softening and disintegration after water absorp-
tion [3]. Due to the hot and humid climate in southwest
China, excavated carbonaceous mudstone cutting slopes
are subjected to dry-wet cycles, leading to the initiation of

a large number of cracks in slopes. Once the slope cracks
are connected to each other, the slope instability failure
occurs immediately [4, 5]. Therefore, studying the mecha-
nism of crack propagation evolution of carbonaceous mud-
stone under the action of dry-wet cycles is significant for
the prevention and control of this kind of slope disaster.
The crack propagation evolution of soft rocks under dry-
wet cycles has been a hot research topic [6-8]. Soft rock
crack initiation, propagation, and coalescence are complex
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physical, chemical, and mechanical water-rock interaction
processes [9-12], which are closely related to mineral com-
position, mesostructure, and stress state [13-15]. Mineral
dissolution and water absorption swelling are important
causes of crack initiation and propagation of soft rock
[16-18]. In addition, the primary joints and fissures provide
a convenient channel for the water-rock reaction, which pro-
motes crack propagation and coalescence [19-21]. Due to
various geological tectonic effects, the minerals, joints, and
fissures in soft rocks are distributed disorderly, complicating
the evolution of crack propagation of soft rock [22]. Jiang
et al. [23] concluded that the water absorption swelling of
soft rocks is anisotropic with the swelling deformation being
more significant in the vertical bedding direction, and there-
fore, cracks are more likely to propagate in the parallel lay-
ered direction. Zhao et al. [24] found that the cracks
initiate and propagate from the developed part of the
cementitious material after soft rocks were soaked in water.
Zhang et al. [25] found that the mineral composition and
mesostructure of carbonaceous mudstone are altered under
the action of dry-wet cycles. Liu et al. and Coombes and
Naylor [26-28] suggested that affected by dry-wet cycles,
the pores of soft rocks gradually converge and connect,
and the neat and dense microstructure of soft rocks becomes
disordered and loose. Pineda et al. [29] regarded that the
development and propagation of cracks on the joint surface
under the action of dry-wet cycles are an important cause of
the deterioration of the mechanical properties of rocks. Hua
et al. and Li et al. [30, 31] found that dry-wet cycles have sig-
nificant effects on the evolution of rock crack propagation
and failure mode, and the crack failure surface changed after
several dry-wet cycles.

In summary, previous studies have only briefly ana-
lyzed the laws of mesocrack or macrocrack propagation
in the process of water-rock interaction. However, the
chemical, physical, and mechanical mechanisms of
macrocrack and mesocrack propagation evolution in car-
bonaceous mudstone under the action of dry-wet cycles
have rarely been investigated. In this paper, the chemical
composition, mesostructure, and mechanical properties of
carbonaceous mudstone under the action of dry-wet
cycles are studied to reveal the intrinsic mechanism of
macrocrack and mesocrack propagation evolution of car-
bonaceous mudstone under dry-wet cycles. The research
results will provide a reference for the prevention and
control of disasters in carbonaceous mudstone cutting
slopes.

2. Sample Characteristics and Test Process

2.1. Sample Characteristics. The samples of carbonaceous
mudstone were taken from the high slope (70.0-80.0m) of
the Liuzhai-Hechi Expressway in Guangxi province. The
samples were dark gray and medium weathered, with uni-
form grains and microfracture development. The diffraction
pattern of carbonaceous mudstone obtained by the X-ray
diffraction experiment is shown in Figure 1. The phase anal-
ysis results of carbonaceous mudstone are shown in Table 1.
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The carbonaceous mudstone block mass was made into 50
mm x 100 mm samples by the anhydrous drilling method.

2.2. Test Process. The test process is shown in Figure 2.
Firstly, the samples were subjected to dry-wet cycles. Sec-
ondly, the soaking solution of carbonaceous mudstone dur-
ing dry-wet cycles was taken with a liquid-holding bottle for
the inductively coupled plasma mass spectrometry (ICP-
MS) test. Then, randomly selected samples were sliced, and
the mesostructure of carbonaceous mudstone was scanned
by an electron microscope. In the end, triaxial compression
tests were performed on the carbonaceous mudstone sam-
ples to analyze the macrocrack propagation law of the sam-
ples subjected to dry-wet cycles.

2.2.1. Dry-Wet Cycle Experiment. In order to simulate the
extreme climate conditions in Guangxi province, the sam-
ples were dried in an oven at 60°C for 24h and cooled to
room temperature in the moisturizing cylinder, and then
naturally saturated with water for 24h. Each dry-wet cycle
lasted for 48h. The carbonaceous mudstone samples were
subjected to 0, 5, 10, and 15 dry-wet cycles, respectively.

2.2.2. Inductively Coupled Plasma Mass Spectroscopy Test.
The aqueous solutions soaking the carbonaceous mudstone
samples were collected and stored in sealed liquid-holding
bottles. The iCAP RQ ICP-MS was applied to test the cation
concentration in the aqueous solution after wet-dry cycles.
The tested cations were the metal cations of the main min-
erals of the carbonaceous mudstone.

2.2.3. Scanning Electron Microscopy Observation. After dry-
wet cycles, randomly selected samples were made into a size
of about 5 x 10 x 10 mm with a fine steel wire saw, and the
dust on the sample surface was cleaned using ear wash balls.
The gold spray was performed for the cleaned samples, and
then, the mesostructure of the samples was scanned by an S-
3000N scanning electron microscope.

2.2.4. Triaxial Compression Test. The MTS material testing
system was used for the triaxial compression test of carbona-
ceous mudstone. The confining pressure was set to 2 MPa to
simulate the real stress environment of the rocks of the car-
bonaceous mudstone cutting slope. The confining pressure
was firstly applied at a rate of 0.05MPa/s, and after 2 min,
the axial load was applied at a rate of 0.5-1.0 MPa/s.

3. Test Result Analysis

3.1. Analysis of Chemical Reactions of Minerals. The concen-
tration of metal cations in aqueous solutions under the
action of dry-wet cycles is shown in Table 2. It can be seen
that the concentration of metal cations increases with the
number of dry-wet cycles, and in terms of the concentration
increase, the metal cations are ranked as Ca?* > K* > Na*
> Fe** > AI’". The concentration of Ca** was one order of
magnitude higher than that of K*, Na*, and Fe’* and two
orders of magnitude higher than that of AI**.
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FiGure 1: Diffraction pattern of carbonaceous mudstone.
TaBLE 1: The mineral component of carbonaceous mudstone.
Mineral composition Mlite Kaolinite Quartz Feldspar Calcite Pyrite Mica
Content (%) 18.8 214 41.5 5.8 7.6 2.1 2.8
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F1GURE 2: Test process.

TaBLE 2: Concentration of metal cations in aqueous solution under
dry-wet cycles.

Concentration of metal cations Number of dry-wet cycles

(mgL") 0 5 10 15

Ca** 5.20 188.65 367.62 528.58
K* 180 6.88 1371 19.65
Na* 140 910 1177 14.60
AP 030 0.88 106 1.22
Fe?* 550 634 9.87 11.38

Based on the electroneutrality principle, it can be
assumed that the following chemical reactions occur in the
carbonaceous mudstone during the dry-wet cycles.

(1) Calcite dissolution

CaCO, + CO, + H,0 = Ca®" + 2HCO,~ (1)

After the calcite reacts with carbon dioxide and water,
calcite dissolves, and calcium ions precipitate, resulting in a
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FIGURE 3: Scanning electron microscopy observation for carbonaceous mudstone in parallel layered direction.

decrease in calcite content and an increase in Ca** mass con-
centration in the aqueous solution.

(2) Feldspar (potassium feldspar, sodium feldspar)
hydrolysis

KAISi; O + 5.5H,0 = 0.5ALSi;05(OH), + K*

_ . (2)
+OH" +2H,SiO,

NaAlSi;Oy + 5.5H,0 = 0.5AL,Si,0 (OH), + Na*
+OH" +2H,SiO,

3)

After the hydrolysis of potassium feldspar and sodium
feldspar, kaolinite is formed and Na® and K* precipitate,
which causes the decrease of feldspar content and increase
of kaolinite content in carbonaceous mudstone and the
increase of Na" and K' mass concentration in aqueous
solution.

(3) Pyrite hydrolysis

FeS, +3.50, + H,0 = Fe** + 2807 +2H" (4)

After the oxidation reaction between oxygen dissolved in
water and pyrite, Fe** precipitates out, increasing the con-
centration of Fe** in the water solution. The oxidation prod-
ucts adsorbed on the surface of pyrite will passivate and
inhibit the oxidation reaction, resulting in the weakening
of the oxidation reaction intensity of pyrite, which is the rea-
son for the content of pyrite and the mass concentration of
Fe’* changing insignificantly.

3.2. Microstructure Change Pattern. The results of scanning
electron microscopy observation for the carbonaceous mud-
stone in the parallel layered direction are shown in Figure 3.
Before the dry-wet cycle, as shown in Figure 3(a), the carbo-
naceous mudstone sample has a dense structure, a flat sur-
face, and a mesostructure of face-face contact, and the
pores are scattered disorderly among the particles. After 5
dry-wet cycles, as shown in Figure 3(b), there are some shed-
ding particles. The number of pores increases, and the sur-
face becomes rough and bumpy. The skeleton structure
with the face-face and edge-face contact is gradually dis-
torted. After 10 dry-wet cycles, as shown in Figure 3(c),
more particles are exposed, and the outline is clear. The
number of shedding particles increases significantly, and
the number and size of pores increase. The particle structure
changes from face-face contact and edge-face contact to
edge-edge contact and edge-corner contact and becomes
loose. After 15 dry-wet cycles, as shown in Figure 3(d), there
are a large number of shedding particles. Many dissolution
pits appear on the sample surface. The particles are cor-
roded, and the outline becomes blurred and rough. The
mesostructure changes from edge-edge contact and edge-
corner contact to edge-corner contact and corner-corner
contact.

The results for scanning electron microscopy observa-
tion of the carbonaceous mudstone in the vertical layered
direction are shown in Figure 4. Before the dry-wet cycle,
as shown in Figure 4(a), the carbonaceous mudstone has a
stacked flake structure, and flake frameworks are arranged
regularly and cemented by clay minerals. There are a small
number of shedding particles among the layers, where the
pores are scattered disorderly. After 5 dry-wet cycles, as
shown in Figure 4(b), there are a large number of shedding
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FIGURE 4: Scanning electron microscopy observation for carbonaceous mudstone in the vertical layered direction.

particles. The flake framework is gradually opened and
begins to curl, which causes the interlayer roughness to
increase. After 10 dry-wet cycles, as shown in
Figure 4(c), the flake structures are more seriously curled
and disordered; the opening spacing between layers is sig-
nificantly increased. There are some fractures and frag-
ments in local flake structures. The number of pores
increases dramatically, and they present a coalescence
trend. After 15 dry-wet cycles, as shown in Figure 4(d),
the clay minerals are basically dissolved. A large number
of flake structures are fractured, and some fragments fall
off. Some interlayer grooves are formed on the surface of
the flake structure, and the clay minerals buried deep in
the flake structure are exposed.

3.3. Analysis of Mechanical Properties. The stress-strain
curves of the carbonaceous mudstone are shown in
Figure 5. It can be seen that with the increase in the number
of dry-wet cycles, the stress-strain curve becomes more gen-
tle, the nonlinearity of the compression stage and crack
propagation stage is enhanced, the slope of the linear elastic
stage and peak stress gradually decrease, and the strain at
peak stress increases. The stress decreases more slowly after
rock failure, and the failure mode of the rock changes from
brittle failure to ductile failure.

The failure characteristics of the carbonaceous mudstone
samples are shown in Figure 6. It can be seen that before the
dry-wet cycle, as shown in Figure 6(a), the damaged sample
shows 3 vertical cracks through the sample with a small
amount of debris dislodged and presents tensile failure char-
acteristics. After 5 dry-wet cycles, as shown in Figure 6(b), a
vertical crack of about 90" appears on the carbonaceous
mudstone, and a branch crack occurs at the upper middle
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FIGURE 5: Stress-strain curve of carbonaceous mudstone.

of the sample (about 1/3 of the sample height) and extends
to the top. The sample presents tension-shear failure charac-
teristics. A large number of fragments are shed from the fail-
ure surface of the sample. After 10 dry-wet cycles, as shown
in Figure 6(c), the cracks extending through the sample
show a deflection of about 60°, which indicates typical shear
failure. There are many fragments shed from the top and low
surfaces of the sample. After 15 dry-wet cycles, as shown in
Figure 6(d), two oblique cracks of about 60° appear on the
damaged sample. One crack extends through the sample,
with local branch cracks presenting disordered propagation.
The other crack extends from the middle of the bottom to 2/
3 of the height of the sample. There are fragments shedding
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FIGURE 6: Failure characteristics of carbonaceous mudstone sample.
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FIGURE 7: Mesostructure of carbonaceous mudstone.

from some parts of the failure surface. In summary, it can be
concluded that the dry-wet cycle will deflect macrocrack
propagation of the carbonaceous mudstone sample, and
the failure mode of the sample changes from tensile failure
to shear failure, while the ductile failure characteristics are

enhanced.

4. Evolution Mechanism of Carbonaceous
Mudstone Crack Propagation

According to electron microscope scanning, the mesostruc-
ture of carbonaceous mudstone can be simplified to a
stacked flake structure composed of cementing minerals
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and skeletons, as shown in Figure 7(a). The mesostructure of
carbonaceous mudstone before the dry-wet cycle is neat and
dense, and the stacked flakes are uniformly stressed after
being loaded. As the interlayer stress increases, the mesos-
tructure of carbonaceous mudstone undergoes tensile failure
along the direction of the maximum shear stress. The crack
propagation path is regular owing to the organized and neat
mesostructure. The mesostructure of carbonaceous mud-
stone under the action of dry-wet cycles is shown in
Figure 7(b). The soluble minerals between the layers of the
stacked flake structure of carbonaceous mudstone are grad-
ually dissolved, which causes the pores in the mesostructure
to gradually propagate and connect. In addition, the skeleton
of the stacked flake structure is extruded and deformed due
to the swelling of minerals after water absorption and vol-
ume expansion during the mineral reaction, and the skeleton
structure is gradually transformed from face-face contact
and edge-face contact to edge-corner contact and corner-
corner contact. The flake skeleton of the mesostructure is
locally curled and fractured. With the mesostructure under
stress, stress concentrations are easy to occur at the edge-
corner and corner-corner contact points of the skeleton.
The shear failure occurs after the flake skeleton is stressed,
and the cracks propagate along the weak parts of the mesos-
tructure. Due to the effect of dry-wet cycles, the mesostruc-
ture of carbonaceous mudstone is disordered and the
mesostructure is not uniformly stressed. It is an important
reason for the chaotic crack propagation path.

5. Conclusion

In this paper, the mechanism of macrocrack and mesocrack
propagation evolution in carbonaceous mudstone under the
action of dry-wet cycles is studied through a series of exper-
iments, and the following conclusions can be drawn.

(1) Calcite dissolution, potassium feldspar hydrolysis,
and sodium feldspar hydrolysis are the important
reasons for the initiation and development of cracks
in carbonaceous mudstone during dry-wet cycles

(2) With the increase in the number of dry-wet cycles,
the mesostructure of carbonaceous mudstone gradu-
ally changes from face-face contact and edge-face
contact to edge-corner contact and corner-corner
contact, and the interlayer flake structures are
opened and are more seriously curled and fractured

(3) Under the influence of dry-wet cycles, the bearing
capacity of carbonaceous mudstone is reduced. The
failure mode of rock changes from tensile failure to
shear failure, the failure surface is deflected from
90° to 60°, and the crack propagation path becomes
complicated

(4) Water absorption swelling and chemical reaction of
mineral of carbonaceous mudstone under the action
of dry-wet cycles lead to the changes in the stress
form of the mesostructure, which directly transforms
the macrocrack propagation mode during the dam-

age of carbonaceous mudstone under load. These
findings reveal the mechanism of macrocrack and
mesocrack propagation evolution in carbonaceous
mudstone under the action of dry-wet cycles
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