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Red-bed mudstone (RBM) has the characteristics of being easily softened
and disintegrated under dry and wet cycles. To investigate the weakening
and disintegration characteristics of the RBM, typical mudstone from Guangxi
highway slope was taken as the research object in this study. Disintegration
tests, water chemistry tests, andmicroscopic tests were performed to investigate
the disintegration mechanism of this RBM. The results indicate that the RBM
exhibits strong disintegration, releasing soluble salts such as potassium chloride
and sulfates during the disintegration process. The hydrolysis of clay minerals is
the main cause of changes in ion concentration in the solution. Throughout the
dry andwet cycles, the proportion ofmacro-pores andmeso-pores significantly
increases, while the percentage of small and micro-pores gradually decreases.
Under the influence of dry and wet cycles, the contact area between particles
gradually decreases, transitioning from face-to-face contact to face-edge
contact and finally to edge-to-edge contact. These research findings provide a
basis for the stability analysis and prevention of landslide hazards in the red-bed
soft rock areas.

KEYWORDS

red-bed mudstone, disintegration, dry and wet cycles, ion concentration, pore size
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1 Introduction

Mudstone is a type of sedimentary rock that is characterized by its fine-grained nature
and is composed primarily of silt- and clay-sized particles. Red-bedmudstone, a rock rich in
clay content, undergoes disintegration into various-sized fragments under natural climatic
conditions. Mudstone disintegration poses a high risk of slope destabilization disasters.
The weakening of rocks due to softening is greatly influenced by mineral composition
(Wang et al., 2015), structural characteristics, water, and temperature (Dhakal et al., 2002).

Considering that landslides are often triggered by water-related factors and have a
considerable impact on soft rocks, extensive research has been conducted (Zhang D. et al.,
2017). The pore water pressure in soil or rock materials were related to the content of
clay minerals (Chilingar and Knight, 1960). Different types of weak rocks exhibit varying
behaviors during softening and that cyclic wet-dry tests are more reliable than durability
tests in determining the durability of weak rocks (Bell et al., 1997; Crosta, 1998).Thedamage
of soft rock under dry wet cycles has been proved to be irreversible, and the strength
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decreases further with the increase of dry wet cycles (Wang et al.,
2014; Zhang et al., 2015). N. Yoshida conducted a notable study to
investigate the softening effect of water absorption in mudstone
over time (Yoshida et al., 1997). Torres-Suarez et al. explored the
control of the wet and dry cycle process in mudstone using a
steam balance technique (Torres-Suarez et al., 2014). Shen et al.
focused on the disintegration characteristics of red mudstone in the
Three Gorges reservoir area and proposed a new fractal method
for assessing the degree of mudstone disintegration (Shen et al.,
2019). To meet the requirements of different work conditions,
Gautam et al. and Fereidooni et al. comparatively investigated
the disintegration characteristics of soft rock masses in indoor,
acidic, and natural climate environments. The results of long-term
monitoring ofmudstone slopes have revealed that the shear strength
of the rock-soil material decreased to 1/5 to 1/26 of its original
strength when subjected to the disintegration effect caused by water
seepage (Lowe et al., 2019). A Shakoor and TP Gautam compared
laboratory test results with the weathering behavior under natural
climatic conditions, investigating the disintegration characteristics
of claystone, mudstone, silty sandstone, and sandstone in natural
environments (Gautam and Shakoor, 2013; Shakoor and Gautam,
2015; Gautam and Shakoor, 2016; Gratchev et al., 2019). Terzaghi
and Peck proposed the principle of pneumatic collapse mechanics
from the perspective of rock-soil fissure structure (Terzaghi et al.,
1996). Rock disintegration is caused by the combined effects of
humidity and temperature changes, with humidity change being
the main controlling factor (Gamble, 1971). After each wet and
dry cycle, the samples and their disintegrated materials were sieved
using standard screens, and the disintegration resistance index of
the samples was calculated after each cycle. Previous studies have
indicated a close association between the content of clay minerals
and the disintegration characteristics of mudstones (Zhang H. et al.,
2017). Micro-computed tomography, focused ion-beam scanning
electron microscope (FIB-SEM) imaging methods have been
conducted to analysis of mudstone sedimentary composition and
quantified pore size distributions (Bollermann et al., 2022). Cano
and Tomas introduced a disintegration index for assessing the
disintegration of rocks, including mudstones, under wet and dry
cycle conditions (Cano andTomas, 2016). Furthermore, a significant
increase in the disintegration mass of weathered mudstones during
the initial five wet and dry cycles, followed by relatively stable mass
changes (Vlastelica et al., 2018).

The climate in southern China is humid and hot. Taking
Guangxi Province as an example, the average annual temperature
is 21.4°C, with extreme maximum temperatures reaching 39.3°C.
The average relative humidity ranges from 71% to 82% over many
years, with a maximum of 100%. The average annual rainfall in
Guangxi is 1415.4 mm, with a peak of 2043 mm recorded in 1981.
The majority of rainfall occurs between April and September,
accounting for over 80% of the total annual precipitation. Under
continuous or heavy rainfall, as well as fluctuating reservoir levels,
the accumulation blocks of red-bed soft rocks tend to disintegrate
and weaken, leading to varying degrees of strength reduction
in the red-layered soft rocks. Consequently, landslide stability is
significantly compromised, posing substantial safety hazards to
nearby residents and structures. Notably, the section of Guiliu
Expressway from Yongfu to Huangguan traverses the red layer area,
which has experienced multiple landslides and avalanches within a

year due to slope instability.These incidents have adversely impacted
vehicle safety and resulted in substantial economic losses.

This study aims to investigate the disintegration behavior of
typical RBM in the Guangxi, China, under dry and wet cycles. RBM
samples under different wet and dry cycles, and were subsequently
subjected to analysis for grain size, microstructure observation,
measurement of clay mineral contents, and chemical analysis of
the soaking solution throughout the entire wet and dry process. By
examining the disintegration characteristics of RBM in the Nanning
Basin of Guangxi, this research provides a valuable reference for
stability analysis and landslide prevention in areas characterized by
red soft rocks.

2 Test materials

2.1 Sample collection

The RBM samples in this study were taken from the S210
highway project inNanning, Guangxi.The slope at this area is highly
susceptible to mudstone disintegration and slope collapses usually
take place during rainfall. The sampling location is illustrated in
Figure 1A. Figures 1B, C depict the primary macroscopic features
of the slope at the sampling site. The mudstone slopes were
stratified by the Cretaceous (K), Tertiary (E) and Quaternary
Holocene (Q4), and the RBM in the section sampled was mainly
from the Cretaceous Dapo Formation (K1d). The mudstone at the
sampling point was mainly distributed in the area with a depth
of 3.5 m–6.5m, and the surface was mostly covered with soft silt.
Based on previous research on mudstone classification, the RBM
in this paper can be classified as “Clay-rich siliceous mudstone”
(Gamero-Diaz et al., 2013). There are two main characteristics
of the mudstone slope: First, the slope mostly contains unequal
thickness interlayer of sandstone and mudstone. Second, a lot of
tension cracks and large voids exist in the mudstone. Therefore,
both the weak interlayer and the fracture structure provide
natural channels for water to enter into the interior matrix of
the mudstone.

2.2 Basic properties of RBM sample

Extensive laboratory tests were conducted to evaluate the
fundamental physical and mechanical properties of the RBM in this
section. Table 1 presents the basic physical property indices obtained
for the mudstone.

In compliance with the ASTM 2014 (ASTM, 2014), the
unconfined compressive strength and softening coefficient of the
RBM in dry, natural, and saturated states are depicted in Table 2.
Analysis of the unconfined compressive strength in different states
reveals the significant influence of moisture on the mechanical
properties of the mudstone samples. Most samples exhibit the
highest unconfined compressive strength in their natural state. In
the dry state, the strength decreases as the mudstone samples lose
water. In the saturated state, the unconfined compressive strength
of the RBM samples reaches its minimum due to the complete
saturation of their pores with water, making RBM more vulnerable
to damage.
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FIGURE 1
The location of sampling points and the engineering characteristics of mudstone slope, (A) Sample point, (B) Sample slope (C) Engineering
characteristics of mudstone slope.

TABLE 1 Basic physical property index of RBM.

Moisture content/% Particle density/g·cm-3 Bulk density/g·cm-3 Porosity/% Free swelling ratio/%

15.9 2.74 1.92 39.8 31

3 Test methods

Based on the fundamental physical and mechanical properties
of the RBM, a series of investigations were conducted to assess its
disintegration characteristics.

3.1 Disintegration resistance and sieving
test

The RBM exhibits strong disintegration characteristics. To
examine the disintegration ability of the mudstone samples,
multiple cycles of disintegration tests were conducted until complete
disintegration was achieved. Each cycle involved recording the mass
loss, and the disintegrated particles were subsequently sieved. The
SCL-1 rock disintegration tester was used in this test.

The specific test process is as follows:

(1) Sample Preparation: 20 rounded specimens weighing between
40 and 60 g were created from mudstone samples collected
at the site. The initial characteristics of each specimen
were recorded.

(2) OvenDrying: Each samplewas placed into the cylindrical sieve
tube of the disintegration tester and then heated in an oven at
a temperature range of 105°C–110°C until a constant mass was
achieved. The mass of the sieve tube and sample was recorded
after cooling to room temperature.

(3) Water Immersion: The sieve cylinder containing the
specimen was submerged in a water tank filled with clean
water, ensuring that the water level was 20 mm below the
rotation axis. The sieve cylinder was rotated at a speed of
20r/min for 10 min.
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TABLE 2 Compressive strength and softening coefficient of the RBM.

Test
group

Compressive strength/Mpa Softening
coefficient

Mean

Natural Mean Dry Mean Saturated Mean

1 35.29

25.41

26.31

22.73

5.26

4.15

0.2

0.19

2 30.36 28.92 4.63 0.16

3 22.28 35.46 5.69 0.16

4 26.3 31.33 4.25 0.13

5 24.65 25.12 3.24 0.13

6 23.48 16.28 4.13 0.25

7 23.56 15.66 2.61 0.17

8 27.65 24.83 3.55 0.14

9 26.34 24.56 4.52 0.18

10 32.12 23.21 4.89 0.21

11 33.69 17.77 4.66 0.26

12 25.13 18.26 4.78 0.26

13 19.82 15.26 4.24 0.28

14 13.56 25.69 2.64 0.1

15 16.88 12.35 3.13 0.25

(4) Drying and Sieving: The sieve cylinder and specimen
were carefully dried and cooled. They were then removed
from the apparatus and weighed. The retained specimen
and disintegrated mudstone were sieved through different
sieve sizes, including 5mm, 2mm, 1mm, 0.5mm, 0.25mm,
0.15mm, and 0.075 mm. The mass and particle morphology
characteristics of each size group were recorded.

(5) Repeated Cycles: Steps 2 to 4 were repeated until complete
disintegration of the mudstone was achieved.

The absolute disintegration resistance index, calculated using
Eq. 1, provides a measure of the mudstone’s overall ability to resist
disintegration.

Idn =
mm −m0

ms −m0
× 100 (1)

Where: Idn-- Rock disintegration resistance index (%);
 m0-- Drying mass of cylindrical sieve cylinder (g);
 ms--Sum of the mass of the cylindrical sieve cylinder and the

dried mass of the original specimen (g);
 mm--Sum of the mass of the cylindrical sieve tube and the

dried mass of the specimen remaining after the nth cycle (g).
Based on the calculation using the relative disintegration

resistance index (Eq. 2), the findings demonstrate a clear pattern
of change in the disintegration resistance of the rock with each
successive cycle.

Idi =
mi −m0

mi−1 −m0
× 100 (2)

Where: Idi--Disintegration resistance index after the ith standard
cycle relative to the last standard cycle (%);
 m0--Drying mass of cylindrical sieve cylinder (g);
 mi--Sum of drying mass of cylindrical sieve cylinder and

residual specimen after the ith standard cycle (g);
 mi−1--Sum of driedmass of cylindrical sieve tube and residual

specimen after the i-first standard cycle (g).

3.2 Experimental study of free
disintegration under dry and wet cycle
conditions

The testing device includes a hydrostatic balance, a water tank,
an iron frame, and various measuring instruments. Samples were
collected during the experiment to conduct hydrochemical and
microscopic analyses.

Specific test steps are as follows:

(1) Sample preparation: Firstly, the integrity of the mudstone
samples was carefully inspected to ensure there were no
fractures or defects. Subsequently, the surface of each sample
was meticulously cleaned to attain a smooth and pristine
condition. To ensure test comparability and result accuracy,
rectangular specimens measuring 50 mm × 50 mm × 100 mm
were precisely cut from the same core following the ASTM
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FIGURE 2
Schematic diagram of test instruments and test points, (A) Penetrometer, (B) Test points.

FIGURE 3
Variation of disintegration resistance in RBM, (A) Initial state, (B) First cycle, (C) Second cycle, (D) Third cycle, (E) Fourth cycle, (F) Fifth cycle.

suggested specification (ASTM 2014, 2016) (ASTM, 2014;
ASTM, 2016).

(2) Grouping: To investigate the progressive disintegration of
mudstone with varying durations of water immersion, a batch
of mudstone specimens was selected, dried, and categorized
into four groups denoted as A, B, C, and D. These four groups
underwent synchronized drying andwetting cycles to facilitate
comparative analysis.

(3) Drying: The samples from each group were removed from
the water sink and subjected to a controlled drying process.
They were placed within an oven and exposed to temperatures

ranging from 105°C to 110°C until a constant mass was
achieved. Subsequently, the samples were allowed to cool to
room temperature within a desiccator.

(4) Wetting:TheRBM samples were placed in a vacuum saturation
cylinder, where the cylinder was filled with clean water to
ensure complete submersion of the samples. During the 24-
h wetting process of the RBM samples, a vacuum pump was
continuously used to vacuum the water cylinder, ensuring a
vacuum degree of −0.1 MPa. Observations of disintegration
phenomena andmass variations were recorded.The remaining
specimens from groups B and C were submerged in separate

Frontiers in Materials 05 frontiersin.org

https://doi.org/10.3389/fmats.2024.1357116
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Luo et al. 10.3389/fmats.2024.1357116

sinks, each containing an equal volume of deionized water.
After a 24-h wetting process, the soaking solution of the
mudstone from group B was sampled using a 20 mL plastic
syringe. The collected solution was then filtered through a
0.45 μm filter head and subjected to tests measuring ionic
concentration. For the specimens in group C, penetration
tests were performed to assess their strength during the same
period. Samples from group D were specifically set aside for
microscopic examination.

(5) Repeat: Steps 3 and 4 were iterated until complete
disintegration of the mudstone specimens was achieved.

3.3 Penetration test

The micro penetrometer is a simple and direct tool commonly
employed in field soil investigations to assess the unconfined
compressive strength of soils (Yasun, 2018). Given the significant
reduction in mechanical strength of RBM after undergoing wet
and dry cycles, the traditional unconfined compressive test cannot
determine the destructive load capacity of the mudstone. Thus,
the micro penetrometer was introduced to evaluate the physico-
mechanical parameters of the mudstone after each cycle.

The testing apparatus utilized was the mechanical miniature
penetrometer WXGR-4.0 (Figure 2A), which comprises a
dynamometer and three indenters as A, B, and C. The force gauge
employs spring compression deformation converted into a pointer
scale for measurement, with a measurement error within ±1%. The
instrument was positioned perpendicular to the soil sample, and the
cone head was pressed 1 cm deep into the specimen to obtain the
penetration pressure value.

Due to the substantial loss of strength in the mudstone after
the wet and dry cycles, it was not feasible to conduct uniaxial
compression tests. Therefore, penetration tests were conducted
to assess its mechanical strength. To enhance the reliability and
accuracy of the test results, a minimum of three parallel tests
were performed for each penetration test. The distance between
the penetration point and the edge of the specimen, as well as the
spacing between penetration points of parallel tests on the same
specimen, were ensured to be at least three times the diameter of
the probe. Three test points on the same specimen are illustrated in
Figure 2B.

3.4 Hydrochemical test

The metal element content test, anion test, and zeta potential
test were used to examine the release of ions in the aqueous
solution and its impact on the solution environment upon the
interaction between mudstone and water during dry-wet cycle.
These tests aimed to elucidate the mineralogical responses and
variations of the mudstone under different cycle conditions.
Prior to experimentation, meticulous sampling procedures were
followed. For the RBM, the soaking solution was subjected to
agitation after each cycle to ensure homogeneous dispersion of
suspended particles. A 20 mL aliquot of the resulting suspension
was transferred into a dedicated reagent bottle for zeta potential
analysis. Moreover, an 80 mL portion of the suspension was filtrated

FIGURE 4
Effect of the number of dry and wet cycles on disintegration
resistance index.

through a 45 μm filter membrane and evenly divided into three
separate reagent bottles. Subsequently, each sample underwent the
aforementioned hydrochemical analyses.

3.5 Microscopic analysis

Microscopic tests were conducted using X-ray diffraction
(XRD), mercury intrusion porosimetry (MIP), and scanning
electron microscopy (SEM) to examine the mineral composition,
crystallization, andmicroscopic porosity of the RBMunder different
dry and wet cycle conditions.

4 Test results

4.1 Disintegration test results

Figure 3 illustrates the progressive changes observed in the
specimens during the disintegration test. Initially, the mass of the
specimens ranged from 40 to 60 g. After undergoing multiple cycles
of drying and wetting, the RBM took on a flattened shape with
irregular contours. Throughout the cycle process, the corners of the
samples became rounded, and the grain size of the clasts gradually
decreased. By the third cycle, significant disintegration occurred,
resulting in residual clasts with a grain size of 1–3 cm. This grain
size continued to decrease with each subsequent cycle.

The trend of the disintegration resistance index of the RBM as
a function of the number of cycles is depicted in Figure 4, based on
Eqs 1, 2.

The results indicate that the RBM exhibits strong disintegration.
After a single standard cycle, the mass of the disintegrated
residue decreases from 509.6 g to 224.4g, resulting in an
absolute disintegration resistance index of 42.66%. With
an increasing number of wet and dry cycles, the absolute
disintegration resistance index gradually decreased, indicating
a weakening of the sample’s disintegration. This can be
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FIGURE 5
Morphology of the sample after different numbers of dry and wet cycles, (A) 1st cycle (B) 2nd cycle, (C) 3rd cycle, (D) 4th cycle, (E) 5th cycle, (F) 6th
cycle, (G) 7th cycle, (H) 8th cycle, (I) 9th cycle, (J) 10th cycle.

attributed to the mudstone samples’ surfaces becoming
enveloped in muddy components during cycle, thereby reducing
disintegration.

4.2 Wet and dry cycles’ effects on the
physical and mechanical properties of RBM

4.2.1 Description of the morphology of RBM
The disintegration phenomenon of the mudstone was carefully

observed and recorded during the first cycle. The disintegration
pattern of the same surface of a RBM sample after each wet and dry
cycle was documented, as depicted in Figure 5.

Observing the disintegration phenomenon, it becomes evident
that the degree of mudstone disintegration increases with a greater
number of wet and dry cycles, with the disintegration rate also
accelerating. During the first wet and dry cycle, it took over
an hour for the mudstone to reach a stable disintegrated state.
However, by the third wet and dry cycle, themudstone only required
approximately 20 min to reach this stable state upon encountering
water again. Figure 5 shows the images of surface cracks on the
samples after various wetting and drying cycles. The number of
cracks gradually increased with each cycle. After four wet and dry
cycles, primary and secondary cracks on the sample’s surface became
interconnected, eventually leading to noticeable disintegration
and fragment detachment. The depth of the cracks intensified
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FIGURE 6
Effect of the number of dry and wet cycles on the penetration strength of mudstone, (A) Remaining mass, (B) Penetration strength.

FIGURE 7
MIP test results of RBM under dry and wet cycles, (A) Log differential volume, (B) Cumulative volume.

with an increasing number of wet and dry cycles, resulting in
a significant increase in the volume of disintegrated material.
Ultimately, after ten cycles, the mudstone block disintegrated
completely.

4.2.2 Remaining mass and penetration strength
of RBM

Figure 6A illustrates the impact of the number of wet and
dry cycles on the remaining mass of RBM disintegration. It is
evident that during the dry and wet cycle disintegration test, the
majority of mass loss occurs in the first cycle. After the fourth
cycle, the rate of mass loss reaches its peak, with a maximum
loss of 8%. After the eighth cycles, the mass loss stabilized,
resulting in a remaining RBM mass of approximately 436 g. Based
on these disintegration phenomena, it can be concluded that the
disintegration process is predominantly characterized by crumbly
falling disintegrated material.

Figure 6B demonstrates the effect of the number of wet and
dry cycles on the penetration strength of RBM. As depicted in
the figure, the strength of the mudstone experiences a significant
decrease after the fourth wet and dry cycle. Specifically, the strength
decreases by 56% compared to the penetration strength after one
wet and dry cycle. Upon reaching the ninth and 10th wet and dry
cycles, complete disintegration of the mudstone occurs, resulting in
a 100% strength loss. This phenomenon arises from the inability
of the RBM’s skeleton support structure to withstand external
loads, leading to an extremely attenuated compressive capacity.
Consequently, the rock loses its ability to resist compressive loads,
rendering it susceptible to damage when subjected to any pressure.

By combining Figures 6A, B, it can be concluded that the mass
disintegration rate and strength loss rate of RBM reach their
maximum after four wet and dry cycles. After eight cycles, the
disintegrated mass of RBM stabilizes, and its strength measures
0.1 MPa. Hence, a correlation can be established between the mass
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FIGURE 8
Distribution of different types of pore occupancy in RBM after dry and
wet cycles.

loss rate and the penetration strength loss rate of RBM under the
influence of wet and dry cycle.

4.3 Effects of wet and dry cycles on the
microstructure of RBM

4.3.1 MIP results analysis
The RBM samples, including original sample and samples

subjected to wet and dry cycle, underwent mercury pressure testing.
The distribution of pore size is illustrated in Figure 7A, while the
cumulative mercury volume curves are presented in Figure 7B.

Each peak in the curve represents the most frequently occurring
aperture within a specific range, indicating the highest probability
of pore occurrence. The area under the curve between any two
apertures represents the volume of pores distributed within that
range. As shown in the figures, the pore size distribution curves
for all three conditions exhibit three distinct peaks. The peaks for
the as-received samples correspond to pore diameters of 0.01–1 μm,
1–10 μm, and 10–100 μm, respectively. After one cycle of wet and
dry cycle, the curve shifts slightly to the right in the 1–10 μm range,
indicating an increase in pore size, an enlargement of the area under
the 10–100 μm range, and an overall reduction in the curve’s area.
With four cycles of wet and dry cycle, the peak further shifts to the
right in the 1–10 μm range, accompanied by a noticeable decrease
in the area under the 10–100 μm range compared to one cycle.
After five cycles, the pore size distribution curve shows peaks in the
1–10 μm and 10–100 μm ranges, with the disappearance of peaks
in the 0.01–0.1 μm range and a significant decrease in the area
under the 1–10 μm range compared to the as-received sample. After
seven cycles, the peak representing pore sizes between 10–100 μm
increases, along with an increase in the corresponding area under
the curve. Nine cycles result in further growth of the area under
the 10–100 μm range, with the emergence of pore sizes larger than
100 μm. The trend continues, with the distribution of pore sizes
between 10–100 μm increasing after ten cycles.

FIGURE 9
SEM images of RBM under different cycles, (A) Original sample, (B) 1st
cycle, (C) 4th cycle, (D) 7th cycle, (E) 10th cycle.

The cumulative mercury volume, reflecting the pore volume of
the RBM, is shown in Figure 7B. Observing the figure, it becomes
apparent that the amount of mercury feed is correlated with the
number of wet and dry cycles. The mercury intake per Gram for the
as-received sample, one cycle, four cycles, seven cycles, nine cycles,
and ten cycles is recorded as 0.100 mL/g, 0.107 mL/g, 0.083 mL/g,
0.110 mL/g, 0.095 mL/g, 0.116 mL/g, and 0.116 mL/g, respectively.
Considering the pattern of cumulative mercury feed, the initial
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FIGURE 10
Relationship between the cation concentration of soaking solution and the number of wet and dry cycles, (A) Cation concentration, (B) Anion
concentration.

TABLE 3 Spearman’s Rho correlation coefficient Table.

Correlation Na+ K+ Mg2+ Ca2+

SO4
2-

correlation coefficient 0.467 0.770∗ ∗ 0.692∗ 0.839∗ ∗

Sig 0.174 0.009 0.027 0.002

SiO3
2-

correlation coefficient 0.212 0.297 0.187 0.438

Sig 0.556 0.405 0.604 0.206

NO3
−

correlation coefficient 0.030 0.907∗ ∗ −0.226 0.116

Sig 0.934 0.002 0.530 0.751

Cl−
correlation coefficient 0.103 0.987∗ ∗ −0.265 0.091

Sig 0.777 0.006 0.459 0.802

∗ ∗ Significant correlation at 0.01 level (two-tailed);∗ Significant correlation at 0.05 level
(two-tailed).

four cycles decrease the cumulative pore volume due to the effects
of wet and dry cycles. However, subsequent cycles significantly
increase the cumulative pore volume. After the ninth and 10th
cycles, the cumulative pore volume stabilizes, indicating complete
disintegration of the mudstone.

Figure 8 depicts the distribution of different types of pore
occupancy in RBM after dry and wet cycles. According to the MIP
results, based on the characteristics of this mudstone, the pores can
be divided into four groups according to pore size, including:macro-
pores (>100 μm) meso-pores (10–100 μm), small-pores (1–10 μm),
and micro-pores (<1 μm). It can be observed that the mudstone
exhibits the following pore distribution characteristics based on the
number of cycles: For the original sample, pores were dominated by
small andmicro-pores, with each type accounting for approximately
30% of the total pore volume. The proportion of macro-pores and
micro-pores in the total pore volume is relatively small, accounting

for 17.18% and 21.8%, respectively. As the number of wet and
dry cycles increased, the proportion of macro-pores and meso-
pores significantly increased, accounting for approximately 80%
of the total pore volume. The percentage of small-pores gradually
decreased from 28.34% to 12.07%. Similarly, the proportion of
micro-pores decreased from 21.26% to 7.27%, indicating that wet
and dry cycles have a more substantial impact on the larger pores
compared to the smaller pores.

4.3.2 SEM analysis
The microstructure of RBM encompasses the shape and size of

mineral particles and their aggregates, as well as the distribution of
fissures and pores, all of which significantly influence the physical
and mechanical properties of mudstone in addition to its mineral
composition. Figure 9 presents SEM images of the topography of
the RBM at ×100 and ×20,000 magnification under different cycle
conditions.

As shown in Figure 9A, the original sample primarily exhibits
lamellar clay grains as the form of internal cementation, with
mineral particles mainly bonded through face-to-face contact.
Consequently, the number of intergranular pores is small, and the
pore diameter is relatively small. However, Figure 9B reveal that
after one wet and dry cycle, intergranular expansion occurs due to
the hydrophilicity of ilmenite. This expansion is facilitated by water
molecules, and subsequent drying results in shrinkage, leading to
an increase in the number of pore spaces and the enlargement of
pore diameter within the mudstone. As a result, the contact area
betweenmudstoneminerals decreases, transitioning gradually from
predominantly face-to-face contact to a combination of face-to-
face and face-to-side contact. Figure 9C illustrate themicrostructure
of the mudstone specimen after four wet and dry cycles. Intense
disintegration reactions among mudstone particles are observed,
leading to clearer outlines of the particles. The presence of inter-
particle cementingmaterial is notably reduced, and individual pores
become filled through the disintegration of small particles. However,
the overall number of pores increases significantly, accompanied by
a considerable enlargement in pore diameter. Additionally, some
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FIGURE 11
XRD test results of RBM under dry and wet cycles, (A) XRD spectra (B) Relative mineral content.

penetrating cracks emerge. Figure 9D depict the mudstone after
seven wet and dry cycles, highlighting a substantial number of
microfractures. The clay minerals, predominantly illite, continue
to disintegrate, resulting in a gradual reduction in mineral size
and nearly disappearing cementation. The remaining structural
skeleton of the mudstone particles assumes a honeycomb-like
appearance. Figure 9D reveals that after ten wet and dry cycles, the
mudstone particles form an extremely loose skeletal structure, and
the interparticle cementation disappears.

4.4 Mineral hydration of RBM during wet
and dry cycles

4.4.1 Changes in ion concentration in solution
Figure 10A displays the relationship between the number of wet

and dry cycles and the cation concentration in the solution during
thedisintegrationofRBM.Sodium(Na+), calcium(Ca2+), potassium
(K+), andmagnesium (Mg2+) weremeasured due to their significant
impactonmudstonedisintegrationduringwetanddrycycle.Analysis
of the ion results reveals that the ion content in the aqueous solution
undergoesconstantchangesaftereachcycle, indicatingvarious forms
ofchemical interactionsoccurringbetweenthewaterandrockduring
each wet and dry cycle. This phenomenon primarily arises from
the physical and chemical reactions between water and minerals
like quartz, illite, and feldspar, which constitute the main mineral
components ofmudstone.Throughout the dry andwet cycle process,
the concentration of K+, Mg2+, andCa2+ ions in the soaking solution
fluctuates to some extent, whereas the concentration of Na+ ions
remain relatively stable with insignificant fluctuations compared to
the initial solution. It is noteworthy that the concentrations of K+,
Mg2+, and Ca2+ remain relatively stable during the first two wet and
dry cycles, while there is a rapid increase in concentration during the
thirddisintegrationprocess. Similarly, the concentrationofCa2+ ions
undergo significant changes during the thirdwet and dry cycle.

Figure 10B presents the relationship between the number of wet
anddry cycles and the anion concentration in the solutionduring the
disintegration of RBM.The concentrations of sulfate (SO4

2−), silicate
(SiO3

2−), and nitrate (NO3
−) in the solution reach a stable state after

the third disintegration. Conversely, the concentration of chloride
(Cl−) continues to increasewith each subsequentdisintegration,with
a faster rate of increase observed between the third and sixth cycles.
After the sixth cycle, the concentration of Cl− reaches a stable rising
state. The continuous increase in Cl− concentration in the solution
results from the ongoing dissolution of soluble salts in themudstone.

Table 3 presents the correlation analysis of anion concentration
with the number of cycles using SPSS software. The analysis reveals
significant correlations between SO4

2− and K+, Ca2+, and Mg2+, as
well as betweenNO3− andK+. Additionally, Cl− exhibits a significant
positive correlation with K+. Therefore, the soluble salt components
that participate in the disintegration process are mainly composed
of calcium sulfate, magnesium sulfate, potassium nitrate, potassium
chloride, andpotassiumsulfate.Hence, it is inferred that themain loss
ofsolublesaltsintheaqueoussolutionduringmudstonedisintegration
is attributed to potassium chloride and sulfateminerals.

Based on the ion concentration in solution, it can be inferred that
whenmudstone,primarilycomposedofilliteasthemainclaymineral,
is immersed in water, it initially undergoes the following hydrolysis
reaction:

KAlSi3O8 + 8H2O→ K+ +Al(OH)−4 + 3H4SiO4

NaAlSi3O8 + 8H2O→Na+ +Al(OH)−4 + 3H4SiO4

MgAl2Si2O8 + 8H2O→Mg2+ + 2Al(OH)−4 + 2H4SiO4

CaAl2Si2O8 + 8H2O→ Ca2+ + 2Al(OH)−4 + 2H4SiO4

As the reaction progresses and the solution gradually becomes
alkaline, the clay minerals mainly undergo the following chemical
reactions:

KAl3Si3O10(OH)2 + 2OH
− + 10H2O→ K+ + 3Al(OH)−4 + 3H4SiO4

SiO2 + 2OH−→ SiO2−
3 +H2O
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4.4.2 Changes in mineral compositions
Original mudstone samples and samples subjected to wet and

dry cycle were selected for XRD test, followed by qualitative and
quantitative analysis.TheXRD spectrum is presented in Figure 11A.
Based on the test results, the relative content of minerals can be
determined as the number ofwet anddry cycles changes, as shown in
Figure 11B.Before thewet anddrycycles, quartz accounted for42.0%
ofthetotalmassintheRBM,butitpartiallydissolvedduringthecycles,
resultinginadecreaseinitscontentto38.8%aftertencycles.Theinitial
clay mineral content was mainly illite, comprising 23.2% of the total
mass.Withanincreaseinthenumberofwetanddrycycles,thecontent
of illite reached its lowest point of 16.5% during the fourth cycle, and
after ten cycles, it increased to 21.3%. Hematite content decreased
with the number of wet and dry cycles until fully dissolving in the
aqueous solution, reaching 0% in the mudstone. Sodium feldspar
and potassium feldspar content in the mudstone exhibited a trend
of initial increase followed by a decrease as the number of wet and
dry cycles increased, with overall content remaining relatively stable.
Sodium feldspar content increased,while potassium feldspar content
displayed a pattern of fluctuationwithout significant change.

5 Conclusion

Thisstudysystematicallyanalyzesthedisintegrationbehaviorand
mechanism of RBM under the action of dry wet cycles. Quantitative
analysis was conducted on the changes in mudstone during the
whole dry wet cycles from four aspects: mechanical properties, ion
concentration in the soakingsolution,mineral components, andpore
distribution.The following conclusions can be drawn:

(1) The disintegration resistance test reveals that the red-bed
mudstone undergoes significant disintegration, eventually
reaching complete disintegration after five cycles.The absolute
disintegration index decreases with an increasing number of
cycles, while the relative disintegration index initially increases
and then decreases with the number of wet and dry cycles.The
degree of disintegration of this red-bed mudstone increases
as the number of wet and dry cycles increases. The mudstone
experiences the highest level of disintegration after four wet
and dry cycles, with a mass loss rate of 8% and a reduction in
mechanical strength of 56%. After eight wet and dry cycles,
the mudstone no longer disintegrates and loses its strength
completely.

(2) Throughout the wet and dry cycles, the main cations in the
solution of this red-bedmudstone during wet and dry cycle are
K+ andMg2+,while thedominantanion isCl−.Themainsoluble
salts lostduringmudstonedisintegrationarepotassiumchloride
and sulfate.

(3) Themineral components of this redmudstone demonstrate the
following patterns of change during wet and dry cycles: quartz
content decreases, sodium feldspar and potassium feldspar
content initially increase and then decrease, illite content
decreases and then increases, hematite content decreases,
ultimately dissolving completely in the aqueous solution.

(4) Based on pore size, the various types of pores in this
red-bed mudstone are classified as follows: Macro-pores
(>100 μm), meso-pores (100–10 μm), small-pores (1–10 μm),

and micro-pores (<1 μm). Throughout the dry and wet cycles,
the proportion of macro-pores and meso-pores significantly
increased, accounting for approximately 80% of the total pore
volume.Thepercentageofsmall-poresgraduallydecreasedfrom
28.34% to 12.07%. Similarly, the proportion of micro-pores
decreased from21.26% to 7.27%, respectively.

This study presents a systematic characterization of the
water-induced collapse of RBM at multiple scales, which is of
great significance for understanding the degradation and disaster
mechanisms of RBM. Other interesting issues, such as the accurate
correlation between macroscopic and microscopic experimental
results and the on-site application of indoor experimental results,
require further research in the future.
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