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Repeated swelling-shrinking behaviors of red-bed mudstone poses a potential

threat to high-speed railways. Through swelling test and dry-wet cycle test, the

deformation law of mudstone samples was discussed. Using X-ray CT scanning,

MIP and BET technology, the inner relationship between deformation and

structural characteristics were clarified. The results showed that the surface

of sample was chipped and peeled off after two cycles. During the

dehumidification, the mudstone has undergone three stages of shrinkage

adjustment, accelerated shrinkage and stable shrinkage. Uneven tensile

stress caused by evaporation of water molecules in the initial stage of drying

delayed the shrinkage. Initial water content was opposite to the changes of

stable strain after water immersion and residual strain after dehydration, while it

was positively correlated with environmental temperature. Porosity and

connectivity keep increasing with the continuous cycle, and the number

appeared to gradually descend from the two ends to the middle in space.

Successive drying andwetting promoted a wider range of diameter-length ratio

by the swelling of hydrophilic minerals and uneven shrinkage stress. Spatial

orientation also transitioned to the polar angle. Specifically, the structure

evolved from the layered shape to the tree-like and net-like in order.

Microscopic scale mainly included uniform flat pores and wedge-shaped

capillary pores, ranging from 10 to 80 Å. The number of cycles didn’t affect

the morphology of micropores, but only caused volume and specific surface

area to enlarge. The existence of clays generated irreversible deformation of

micropores and initiated the gradual extension. This work will provide key data

and necessary methods for the geohazard problems.
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1 Introduction

The red-bed mudstone generally refers to the red sediments

formed from Jurassic to Neogene. Its strength lies between loose

and hard rock, widely distributed in southwest, central and

southern China (Deng et al., 2016; Liu C. D. et al., 2021; Lyu

et al., 2021.). As the typical unfavorable geological body, red-bed

soft rock has the characteristics of low strength, strong

hydrophilicity, weak capacity to resist weathering and poor

water stability. These have resulted in many engineering

disasters such as overarching of roadbed (Kong et al., 2017;

Jiang et al., 2018), lining cracking and foundation sinking of

tunnel (Liu W. et al., 2021; Ming et al., 2016), seriously

endangering the lives and property safety of surrounding

people as well as the stable operation of transportation.

The interaction of solid, liquid and gaseous media in the rock

mass essentially determines the complexity of its physical and

mechanical properties, but it is generally believed that the

interaction between solid and liquid phase is dominant at

current stage (Zhang et al., 2017; Song and Wang, 2019).

Since the term “water-rock interaction” was first proposed by

Soviet scholar namedA.N.Pcyjoojlpc in the 1950s (Shen and
Wang, 2002), this topic has gradually become a Frontier direction

in the fields of rock engineering and earth sciences. Red-bed

mudstone mostly contain hydrophilic clay minerals such as

montmorillonite, illite and kaolinite, which have a certain

degree of swelling (ISRM 1983; Doostmohammadi et al.,

2009). Recently, many scholars have carried out extensive and

detailed research on the water-absorbing swelling of soft rock. In

terms of factors affecting swelling, Ma et al. (2015) compared the

swelling of mudstone in in-situ and laboratory tests under loaded

conditions. The effects of water pressure on its swelling and

deformation were considered (Ren et al., 2018). Fan et al. (2020)

discussed the relationship between saturation and deformation

through load and no-load tests. In addition to internal

conditions, temperature and humidity have significant effects

on the uniaxial mechanical properties (Wang et al., 2019; Zhang

et al., 2020a), shear strength (Fu H. et al., 2019), and stress

characteristics of crack damage of mudstone (Liu et al., 2020). Fu

H. Y. et al. (2019) et al. emphasized that the synergistic effect of

temperature and humidity is greater than the effect of

independent factors on its mechanical properties. In previous

studies, the hygroscopic expansion of mudstones under

temperature/humidity has also received some attention

(Chugh and Missavage, 1981; Serafeimidis and Anagnostou,

2015), but Yamaguchi et al. (1988) earlier demonstrated that

temperature had almost no change to the breaking of soft rock for

no moisture migration. Regarding deformation prediction and

particle disintegration, researchers combined hydrological

surveys, in-situ tests and laboratory experiments to analyze

the main causes of subgrade deformation (Jing, 2019). Singh

et al. (2005) discussed the disintegration resistance of soft rock

based on fuzzy neural network algorithm. Zhong et al. (2019) and

Dai et al. (2020) relied on measured data and utilized numerical

methods to inversely predict the long-term deformation trend

and found the swelling of the red bed has a typical time effect.

Furthermore, the disintegration mechanism of swelling rock has

been widely discussed in the past decade, focusing on the

correlation between swelling and distribution of disintegrating

particles (Wu et al., 2010; Zhang et al., 2020a; Zhang et al.,

2020b). However, in the process of changes in temperature,

rainfall and evaporation on the surface, the rock mass will

experience a dynamic cycle of “moisture absorption-

dehumidification”. Microstructures and mesoscale deformation

parameters may continue to deteriorate (Liu C. D. et al., 2021). In

thermomechanical theory, the thermal properties of particles, as

well as the energy conversion and dissipation with water, clearly

reflect the response of the thermo-hydro-mechanical process.

This microstructural inhomogeneity plays an important role in

the deformation characteristics at the macroscopic level (Bai

et al., 2021; Bai et al., 2022). So far, the microscopic mechanism of

red-bed mudstone has been little mentioned, but it is crucial to

understand the characteristics and development laws of long-

term deformation.

In the current work, the red-bed mudstone in the central

region of Sichuan, China was selected as the research object.

Firstly, the influence of the state of water immersion and the way

of dehumidification on the swelling-shrinking behaviors of

mudstone was studied. Then, the dry-wet cycle test was

carried out from the macro level and X-ray computed

tomography (μ-CT) test was operated from the mesoscale.

Finally, combined with microscopic techniques such as

mercury intrusion porosimetry (MIP) and low-temperature

nitrogen adsorption (BET), the multi-scale deformation law

and mechanism of mudstone during wet-dry cycles were

illustrated.

2 Experiments

To achieve the research goals, experiments at different scales

were carried out in turn, such as swelling test, dry-wet cycle test,

μ-CT scanning, MIP and BET measurements. The main

processing of the red-bed mudstone samples was shown in

Figure 1.

2.1 Materials and testing procedures

The samples were selected from a mountain excavation site

near the Yibin West High-speed Railway Station in Sichuan,

China, with a sampling depth of 1.2–3.6 m. By excavation and

drilling, the natural red-bed mudstone samples on site were

selected and classified. After wrapping the mudstone with

plastic film, it was sent back to the laboratory for drilling and

cutting. During the cutting process, the parallel error (<0.01 mm)
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of the two end faces and the diameter error (<0.3 mm) along the

height of the specimen should be strictly controlled. As shown in

the third figure in Figure 1, a cylindrical sample (50 mm in

diameter, 50 mm in height) could be obtained accordingly. To

avoid the influence of water on the mechanical properties of

mudstone, drilling and polishing were done in anhydrous

conditions. In addition, samples with uneven or cracked

surfaces were discarded. The remaining samples were

FIGURE 1
The processing of the red-bed mudstone samples.

FIGURE 2
Snapshots of basic physical experiments. (A) Water content; (B) Dry saturated absorbed water; (C) Three-directional swelling; and (D) Free
swelling of rock powder.
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subjected to further wave velocity testing and retained samples

with similar wave velocities. After the samples were determined,

the natural mudstone samples were first dried in an oven at

105 °C for 24 h. Next, the samples were dried and weighed

according to the ISRM (ISRM, 1979). Finally, it was

sequentially applied in swelling test, wet-dry cycle test and CT

test (Figure 1).

In the meantime, basic physical experiments such as water

content, particle density and block density have been successively

carried out (Figure 2). Specifically, the tests of water content and

dry saturated absorbed water ratio referred to “Specification of

soil test “SL237-1999 and “Code for Rock Test of Railway

Engineering” TB10115-2014. Particle density and block

density followed the “ Specification for rock tests in water

conservancy and hydroelectric engineering” SL264-2016 for

operation. The measured physical parameters were listed in

Table 1.

To determine the content of various minerals in red-bed

mudstone, original samples collected on site were tested by XRD

parallel identification. Quantitative content of each mineral was

listed in Table 2. Obviously, mudstone contains hydrophilic clay

minerals such as montmorillonite (9.83–10.89%), illite

(8.95–14.63%) and kaolinite (5.33–6.43%).

2.2 Swelling evaluation

Before the dry-wet cycle test, swelling capacity of samples

need to be evaluated. In accordance with the “SuggestedMethods

for Laboratory Testing of Argillaceous Swelling Rocks” and

“Code for Rock Test of Railway Engineering” TB10115-2014,

the tests of lateral swelling rate and three-directional swelling rate

of rock masse, as well as free swelling ratio of rock powder have

been implemented (Figure 2). Free swelling ratio and dry

saturated absorbed water ratio were chosen to clarify its

swelling abilities. Experimental results showed that average

dry saturated absorbed water ratio of 14 groups of

undisturbed/original rocks (not disturbed) was 16.32%, which

is less than 25%. Under confined conditions, the swelling ratio of

10 groups of samples were all lower than 3%, so it is in the non-

expandable interval. Average free swelling ratio of rock powder

was 41.21%, belonging to weakly swelling rock in the range of

40–65%. Thus, by following the current evaluation criteria for

swelling rocks (Sun et al., 2010; Xun-Guo and Yang, 2009), the

selected red-bed mudstone can be preliminarily judged as weak

swelling.

2.3 Dry-Wet cycle test

To restore the deformation phenomena of distributed

mudstones during dry-wet cycle, standard rock samples

(diameter and height of 50 mm) after cutting and polishing

were selected to carry out the experiments in an environment

with controlled humidity (Figure 3).

According to the instructions of international organization

OIML (Organisation Internationale de Métrologie Légale

(OIML), 1996) for saturated solutions and standard relative

humidity, K2SO4 was finally selected to configure the standard

salt solution by considering its chemical properties, temperature

stability and economic efficiency. Figure 3 corresponded to

snapshots of the experimental device for dry and wet cycles.

TABLE 1 Basic physical parameters.

Project Water content (%) Dry saturated absorbed
water ratio (%)

Particle density (g/cm3) Block density (g/cm3)

Number of samples 35 14 20 23

Minimum 3.69 12.64 2.81 2.52

Maximum 5.88 18.19 2.62 2.46

Average value 4.30 16.32 2.78 2.49

TABLE 2 Mineral composition and quantitative ratio.

Numbering Quantitative ratio (%)

Montmorillonite Illite Kaolinite Quartz Albite Calcite Hematite

1 10.63 14.63 5.43 32.45 18.56 10.98 7.32

2 9.83 8.95 6.43 38.45 22.43 8.35 5.56

3 10.89 13.85 5.33 31.89 19.15 11.34 7.56
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The constant humidity container (length, width, and height

respectively 500 mm, 500 and 700 mm) was made of

polypropylene, which has the advantages of high temperature

resistance (<120°C), corrosion resistance and easy cleaning.

Related research (Cui 2007) pointed out that distribution of

the humidity field inside the container was not uniform, and the

humidity near the liquid level was closest to the international

standard. To this end, saturated salt solutions were symmetrically

placed on both sides of the device to facilitate contact with air and

regular replacement. The sample adopted confined conditions

and permeable stone was placed on it to ensure that the sample

can be in full contact with the surrounding environment. The

thermohygrometer was used to monitor the temperature and

pressure inside the device in real time (Figure 3).

The test mainly consists of two steps, namely water

immersion and dehydration. When the sample was immersed

in water, it will slowly drop and begin to swell (Figure 3). The

displacement was the stable deformation when displacement

meter remains constant. During the dehumidification,

adjustable platform will rise to promote the separation of

sample from aqueous solution. Electronic balance was utilized

to weigh the real-time mass of the sample, thereby calculating the

change in its water content.

In this experiment, samples with an initial water content

of 3 and 5% were set up to explore the effect of initial water

content on the swelling-shrinking behaviors under dry-wet

conditions. To figure out whether the way of dehumidification

influences its deformation, two ways of “slow

dehumidification at room temperature” and “rapid

dehumidification in the drying box (60°C)” were studied. In

fact, three parallel samples were set for each method. If there

are debris peeling off the surface of samples, it will no longer

be suitable for cycling, but the subsequent micro-observations

should be carried out in time. (Zhang and Gao, 2020)

2.4 μ-CT scanning

With repeated drying and wetting, the structure of

mudstones will further deteriorate, but it is difficult to capture

them by conventional means (Wang et al., 2020). For this reason,

the samples in the wet-dry cycle test were CT-scanned by Zeiss

Xradia 410Versa micro-scale CT scanner (Carl Zeiss

Management Co., Ltd.) after each cycle.

The specific steps are as follows. Firstly, the rock sample was

placed on the bottom of instrument, and the device was

controlled by NanovoxelScan software for three-dimensional

processing. The main working parameters are as follows:

working voltage, current, exposure time, scanning accuracy

and time were set to 120 kV, 150 μA, 0.8 s, 0.0278 mm and

40 min, respectively. The VoxelStudio Recon software was

operated to reconstruct the samples and export the slice data.

Finally, the models were imported into Dragonfly software in

turn, followed by the steps of “Data trimming

and cropping—−Median filtering method for noise

reduction—−Threshold segmentation of image − construction

of 3D model” to complete the visualization and quantitative

extraction of micron-level information.

FIGURE 3
Test device for dry-wet deformation of mudstones.
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2.5 MIP and BET measurements

To clearly characterize the changes of pores andmicro-cracks

in mudstones, the distribution of transition pores-macropores

(>100 nm) was treated by mercury intrusion according to

“Xoaotb decimal pore classification standard”. The nature of

micropores (10–100 nm) was acquired by nitrogen adsorption

method.

The AutoPore IV 9500 mercury porosimeter and the

miromeritics ASAP 2469 automatic specific surface area and

pore size analyzer produced by Mike Instruments Inc. were used

in MIP and BET experiments, respectively. Since the adsorption

medium of the mercury intrusion method is liquid metal

mercury, the conductivity of mercury can be used to monitor

the changes of electrical signal to obtain pore distribution. For the

nitrogen adsorption method, nitrogen with a purity greater than

99.99% is viewed as an adsorbate. Nitrogen adsorption capacity

at different equilibrium pressures could be measured under the

supercritical conditions (−196°C, 127 kPa). Its surface area and

saturated adsorption capacity of single layer will be calculated

according to BET equation (Brunauer et al., 1938) :

P/P0

V(1 − P/P0) � C − 1
VmC

× P/P0 + 1
VmC

(1)

Among them, V is the adsorption capacity of gas, and Vm is the

saturated adsorption capacity of monolayer. P and P0 represent

adsorbate pressure and saturated vapor pressure, respectively. C

is a constant. Distribution of pore size was obtained by density

functional theory (DFT model) (Tarazona 1985), and pore

volume was calculated by the branch of adsorption isotherm

based on the BJH method (Barrett et al., 1951).

3 Results and discussion

3.1 Deformation of the samples under dry-
wet cycles

After the second cycle, there were certain reticulated cracks

distributed on the surface of sample. The soft rock with a height

of about 10–15 mm from the end of sample has been basically

softened. At this time, mudstone won’t be suitable for successive

circulation. and the period of dry and wet cycle was determined

to be 2 times.

Figure 4A,B plotted the dry-wet curves of mudstone at room

temperature (25 ± 2°C). In general, the deformation curve was

shaped like an “n” shape. The irreversible dilatancy and the

increase of interlayer spacing resulted in the second dry-wet

curve being located above the first curve. The samples YS-1 and

YS-2 quickly swelled after being immersed in water for the first

time and deformation became stable within 100 h. Through the

first dehumidification at 91.83 h, the rockmass was out of contact

with water and the total duration was about 220 h. In the early

stage of dehumidification, the curve exhibited a small swelling.

On the one hand, it may be due to the uneven spatial distribution

of swelling and shrinking clay minerals contained in the samples.

On the other hand, the distribution of the temperature field

inside the mudstone may not be uniform (Bai et al., 2021; Bai

et al., 2022). In this case, the moisture and stress fields in the

porous media changed during the dehumidification process,

resulting in uneven shrinkage stress and further crack

propagation. Compared with the shrinkage caused by

dehumidification, the swelling induced by fissures and

microcracks was slightly larger, so the rock mass manifested

overall vertical swelling and deterioration. However, as the

drying continued, the shrinkage strain gradually increased and

stabilized.

Accordingly, the drying curve in Figure 4A~B can be roughly

divided into three stages: the first was the adjustment stage of

shrinkage (corresponding to Section A marked in Figure 4A~B).

When the soft rock just begun to dehumidify, its saturated state

decreased from the outside to the inside. Because the outer

surface dried firstly, so its dehumidified rate will be greater

than that of the inside. As the tension cracks created by the

evaporation of water molecules delayed the shrinking to a certain

extent, the samples may have a small range of swelling. Secondly,

the curve will transition to the accelerated shrinkage stage

(corresponding to Section B marked in Figure 4A~B). The

main feature was the gradual increase in shrinkage rate. This

may be attributed to the fact that the shrinking was controlled by

the deformation of inner unwetted rock formation. The minerals

inside started to experience drying, prompting the rapid release

of originally accumulated shrinkage potential. The third was the

stable stage of shrinkage (corresponding to Section C marked in

Figure 6A~B).When the humidity between air and sample was in

equilibrium, the dehumidification rate will slow down. After a

period, deformation stabilized to 1.18% (Table 5). Fissures were

the most prone to losing water as the diffusion path of humidity,

but it had little effect on the bound water film between crystal

layers of minerals (the matrix suction between micro-scale

particles is greater than the macro-scale). The second water

immersion started at 312 h, and the stable swelling strain was

2.62%. In contrast, it increased by 36% compared with the first

time (Table 5), suggesting that repeated dry-wet processes

promote the deterioration of mudstone structures and the

release of swelling potential. Through the dry-wet cycles, the

fissures kept developing, expanding and penetrating, leading to

irreversible deformation. Meanwhile, hydrophilic minerals inside

the sample were activated swelled during the second water

immersion to be much greater than the first. From the dry-

wet curves of two times, it can be found the width of Section A in

the second time was significantly reduced, which should be

related to the further deterioration of sample.

The curves of samples YS-1 and YS-2 were basically similar,

but the swelling strain of the latter after the first wetting was

slightly larger than that of the former. This may be because the
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larger the initial water content, the more thorough the swelling of

hydrophilic minerals. The swelling potential of mudstone was

relatively small, so the swelling rate was faster. Sample YS-2 also

contained three stages, but there were two main differences from

sample YS-1. On the one hand, the curve did not present a small

rise in the early stage of drying (Section A). This could be due to

the large swelling strain of the sample and a high degree of

peeling. Consequently, the shrinking due to desorption was

greater than the swelling due to crack propagation. On the

other hand, the boundary between the accelerated shrinkage

stage (Section B) and the stable stage of shrinkage (Section C) was

not obvious, implying that the high crack ratio promoted

deformation compatibility of inner and outer layers. The

residual strain of sample YS-2 after the second

dehumidification reached 1.99% (Table 5), which was basically

close to the initial water immersion. Above phenomena once

again prove that the swelling potential of sample was small, and

there were a large number of degraded cracks distributed.

In view of the long duration of dehumidification at room

temperature (mostly more than 200 h) and the difficulty of

uniform environmental temperature, it is necessary to explore

the influence of rapid dehumidification on the shrinkage of rock

TABLE 3 Statistics of dry-wet deformation.

No. Way of drying The first cycle (%) The second cycle (%) ε01
εm1

ε02
εm2

εm2
εm1

Y1 Naturally dry 1.92 1.18 2.62 1.85 0.61 0.71 1.36 1.57

Y2 2.46 1.70 2.68 1.99 0.69 0.74 1.09 1.17

Y3 Dry at 60°C 1.88 1.06 2.33 1.52 0.56 0.65 1.24 1.43

Y4 2.63 1.72 3.24 2.28 0.65 0.70 1.23 1.33

FIGURE 4
Time-effect characteristic curve of dry-wet deformation. (A) Dry at room temperature with initial water content of 5%; (B) Dry at room
temperature with initial water content of 3%; (C)Dry in a drying oven at 60 °Cwith initial water content of 5% and (D)Dry in a drying oven at 60 °Cwith
initial water content of 3%.
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mass, so as to clarify the development of fissures and microcracks

at different drying speeds. To prevent the excessively high

temperature from making the rapid rate of water loss, which

is not conducive to the timely collection of data, the temperature-

controlled ventilated drying box was set to 60°C.

Figure 4C~D presented the results of rapid

dehumidification, which was closer to the standard “n"

curve. The swelling process will not be repeated here. From

Figure 4C~D, the first shrinkage strain of samples YQ-1 and

YQ-2 was roughly stable at 170.4 h. The entire dehumidified

process lasted about 55 h, which was much smaller than the

dehumidification at room temperature. For the curve of first

rapid dehumidification, the sample had only slight deformation

and fluctuations at the beginning and then rapidly shrunk.

Compared with Figure 4A~B, the adjustment stage of

shrinkage in Figure 4C~D was very short, and the stable

stage of shrinkage was not significant. When drying reached

a certain level, rapid shrinkage occurred. Then the deformation

remained unchanged in a balanced humidity state. In contrast,

rapid dehumidification was mainly affected by evaporation.

The humidity of sample didn’t change much. Its dehumidified

rate was fast and constant. Water content and deformation

occurred almost simultaneously at this moment, and the curve

will directly transition to the rapid shrinkage stage. If it

continues, the structure will deteriorate or even be

destroyed. The statistical results in Table 3 showed that the

ratio of residual strain to stable strain in the first rapid

dehumidification curve was 0.56 and 0.65, respectively,

which is lower than 0.61 and 0.69 of the dehumidified

sample at room temperature. This finding indicated that the

shrinking of samples at 60°C were more severe. In addition, the

ratio in the second rapid dehumidification curve was 0.65 and

0.70, respectively, which increased by 0.09 and 0.05 compared

with initial state. Thus, the fissures and microcracks of rock

mass developed steadily and the residual strain rate enhanced.

The above results suggested that with the rise of temperature,

the time required for mudstone to shrink from the initial

deformation to stability was greatly reduced. The residual

strain and stable strain also became smaller. More

importantly, when the temperature was raised from 30 to

60°C, the delayed shrinkage of the sample in the first

dehumidification stage disappeared.

To sum up, increasing environmental temperature can make

the dehumidification of soft rock more thorough, but the impact

FIGURE 5
Propagation of fissures and microcracks under different dry-wet cycle. (A) At different vertical depths; (B) In the profile (from left to right:
original, after one cycle and after two cycles).
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on final shrinkage is limited. Both above dry-wet tests reflected

the evolution of structures in the mudstone. When water content

dynamically reached to a certain range, uneven shrinkage stress

will be distributed in the sample, so that repeated dry-wet cycles

will generate new cracks. The deformation law of water

immersion in Figure 4 was almost the same as previous

research. Most of them used the stable strain after the first

water absorption to evaluate the swelling property of

mudstone. The above experiments have demonstrated that not

only dehumidification could cause dilatancy, but also water

absorption will produce greater swelling. Therefore, it is very

problematic to evaluate the swelling potential through single

wetting deformation experiment, which may reduce the

engineering risk.

3.2 Deteriorating structures

3.2.1 Distribution of fissures and microcracks
Since the upper and lower ends of samples were severely

damaged (particle disintegration and fragmentation) after

repeated wet-dry cycles, it is necessary to cut the

reconstructed rock mass and obtain CT slices of different

depths after noise reduction through median filtering. It can

be seen intuitively from Figure 5A that the size, shape,

position and number of fissures displayed significant

differences with the depth of sample and the number of

cycles. Affected by seepage, if the slice was closer to the

surface, the number and proportion of fissures will be

greater. Figure 6 has confirmed this in a quantitative form.

There are fissures and microcracks of various sizes and shapes

at different vertical depths of rock mass, reflecting its

unevenness and anisotropy. Large-scale fissures had

obvious directionality, while small-scale microcracks were

mostly distributed in irregular lines. The latter mainly

branched, expanded and connected on the basis of the

former. The porosity in the middle of samples in Figure 6

reached about 4%. The discovery suggested that the pores in

the red-bed mudstone occupied a larger proportion of the

total volume than the general rock mass, which may be closely

connected to the spatial distribution of hydrophilic minerals.

Due to the limitation of test conditions, initial mudstones

under different cycles were selected as the parallel samples.

Even if there were two cracks in the middle of original sample

(Figures 5A,B), it didn’t hinder the discussion of overall law.

Longitudinal comparison presented that with the

continuation of the dry-wet cycle, the number of cracks

and microcracks increased, and the structure changed from

“tree-like” to “net-like”. The porosity at the end of samples

after 0 cycles, one cycle and two cycles were 0, 8.03 and

10.75%, respectively. At the end of the second cycle, the

porosity of the middle section of sample was similar, so the

seepage path may be the same. The morphology, position and

size of fissures of three middle representative slices in

Figure 5A have supported this conjecture. In contrast, there

was a certain difference in the development of middle-level

cracks when the first dry-wet cycle was completed. Since

micro-cracks have not fully expanded at this stage, they

displayed anisotropy in space. For Figure 4, the essential

difference between the curves under different cycles was

manifested in the structural changes in the rock mass

aroused by uneven shrinkage stress. After the second cycle,

a connected seepage channel has been formed inside the

sample.

To figure out the influence of dry-wet cycle on seepage

path, CT profiles were taken separately (Figure 5B). Except for

the original cracks (Figure 5B), multiple fissures appeared on

the surface of mudstone. For expansive clay minerals, uneven

swelling stress produced tension in the cracks and the inward

migration of water made the gap between crystal layers to

expand. During the dehumidification, water molecules

continuously evaporated and shrinking stress occurred

between crystal layers. As a result, the development and

extension of the fissures were intensified. A local “tree-like”

seepage channel was finally formed. At the beginning of

second water immersion, the seepage of external water

produced more cracks and microcracks (Figure 5B).

Besides, the expanded fissures were gradually filled with

water, and the water pressure or the second

dehumidification further realized the connection, thereby

forming “net-like” crisscross structures that runs through

the entire sample. From the perspective of spatial

distribution of pores, the scale and number of them on the

surface were much larger than those at the center. The main

reason may be that the sample at the edge had the most

intensive contact with the environment.

FIGURE 6
Distribution of porosity with vertical slice.
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3.2.2 Three-dimensional pore model
In Table 4, the porosity of sample after 0, 1 and 2 cycles were

0.17, 3.5 and 5.05%. The connectivity rate was 0.09, 2.95 and

4.59%, respectively. Combining the number of pores and the

corresponding volume ratio, they were mainly connected after

the dry-wet cycles, accounting for 84.29% of the total in one cycle.

The second cycle promoted further connection of fissures or

microcracks and derived more small pores.

TABLE 4 Statistics of overall characteristics of pores.

State Number of
fissures

Porosity (%) Volume ratio of pores % Connectivity rate
(%)

Surface area
(mm2)

Permeability
(mdarcy)

Small Middle Large

Undisturbed 54 0.17 81.48 12.96 5.56 0.09 955.02 5.9817

One cycle 2265 3.50 87.42 10.64 1.94 2.95 18,874.60 11.6737

Two cycles 3516 5.05 90.70 8.22 1.08 4.59 47,516.33 13.1987

According to the diameter of pores, it can be divided into small (<1 mm), medium (1–2 mm) and large (>2 mm).

FIGURE 7
Three-dimensional pore model. (A) Undisturbed sample; (B) After one cycle; and (C) After two cycles.

Frontiers in Earth Science frontiersin.org10

Yu et al. 10.3389/feart.2022.974707

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.974707


FIGURE 8
Statistics of geometric parameters. (A) Changes of diameter-length ratio; (B) Minimum Ferret diameter of undisturbed sample; (C) Minimum
Ferret diameter after one cycle; (D) Minimum Ferret diameter after two cycles; and (E) Size distribution of pores: minimum Ferret diameter vs.
maximum Ferret diameter.
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Figure 7 displayed the 3-D pore model after different wet-dry

cycles. Figure 7A presented the undisturbed red-bed mudstone.

The pores were not developed. Only the middle section of sample

contained a few layered cracks. Original cracks may be affected

by sedimentary environment and unloading. The pore model

after one cycle was shown in Figure 7B. There were many cracks

on the surface in the range of 0–10 mm. Several “tree-like”

seepage channels were distributed around the edges, gradually

expanding from outside to inside. In contrasted with original

sample, its structure was obviously deteriorated. It can be

inferred from the fissures that the swelling position of

mudstone was mainly concentrated on the outside, and the

swelling of central core around 20 mm from the upper and

lower surfaces was less than that of the two ends, which is

consistent with the phenomena in Figure 4. According to the

development of internal fissures, the sample can be vertically

divided into the fully infiltrated area (0–10 mm), partially

infiltrated area (10–15 mm) and lateral seepage area

(15–25 mm). The model after two cycles was shown in

Figure 7C. Based on the first cycle, more pores and

microcracks were distributed inside the core, whereas the

swelling potential of clay minerals in the middle of rock mass

can be fully released during second water immersion. Comparing

the slight increase of deformation in initial stage of drying,

although the two cycles were under same situation, the

deterioration was different. The uncoordinated shrinkage

stress at various positions during water loss aggravated the

extension and dilatation of cracks.

3.2.3 Geometry size
The number of cycles seriously affected the aperture, size and

connectivity of pores, microcracks and fissures. The diameter-

length ratio (ie, the ratio of diameter to length) and Feret

diameter were selected to describe geometric characteristics

(Figure 8). The larger the diameter-length ratio, the narrower

and longer the shape of pores. If it is infinitely close to 1, the pore

will be approximately circular. For Figure 8A, the diameter-

length ratio varied mainly from 0.1 to 0.6. As the cycle continued,

the diameter-to-length ratio presented a trend of first decreasing

and then increasing, indicating that the growth rate of

microcracks and pores was much greater than that of fissures.

For undisturbed mudstone, the range of diameter-length ratio

was nearly 0.01–0.58. The changes of the fissures were inversely

proportional to it, so most of them were closed and semi-closed

flat pores. The diameter-length ratio ranged after the first and

second cycles were 0.02–0.78 and 0.01–0.87, respectively, and the

ratio below 0.5 accounted for more than 90%. The widening of

numerical interval means the enlarging number of small pores.

The changes in the shape and size of pores obeyed the normal

distribution, with the largest proportion in the range of 0.3–0.4.

From the first to the second cycle, the swelling of hydrophilic

minerals and uneven thermal shrinkage stress all resulted in

expanded scale (Bai et al., 2021; Bai et al., 2022), accompanied by

the formation of some new pores and microcracks. (Figure 8).

Feret’s diameter (caliper diameter) is a commonly used

parameter to describe the size of irregular particle/pore.

Assume that the object to be measured is placed inside the

jaws of a caliper, with the caliper oriented at a specified angle.

By maintaining that angle and closing the jaws tightly against the

object, the distance between the jaws is its Feret diameter.

Therefore, the diameter passing through the center of the

particle in any direction is called a Feret diameter. Feret diameter

is not the real diameter, but the common basis of a group of

diameters. A Feret diameter can be taken every 10° direction.

Generally, these 36 Feret diameters are used as a common basis

for a group of diameters to describe a particle (Mark and Neil.

2010). By calculating enough Feret diameters at different angles

and then selecting the maximum and minimum (ie, Dmax and

FIGURE 9
Directional frequency distribution of fissures and microcracks. (A) Phi and (B) Theta.
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Dmin), the length and thickness (or width) of fissures and

microcracks can be studied. For Figure 8B~D, minimum Feret

diameter of pores was 0–5 mm. The proportion of micropores

(0–1 mm) was the highest, occupying around 90%. The

mesopores (1–2 mm) came next and the macropores

(2–5 mm) was the least. During the entire cycle, the number

of pores declined with the rise of Dmin. Combined with Table 4,

the number and frequency distribution of pores of different sizes

were almost the same. Even though increased frequency of

mesopores and macropores was not obvious from the first to

the second cycle, the actual increment was large and it also

reflected the connectivity of pores.

Considering that Figure 8 only displayed statistical geometric

parameters, it is highly difficult to comprehensively highlight the

size of pores. Hereby, the following will analyze the spatial

distribution, two-dimensional projection and fitting curve of

scattered points in Figure 8E. The number of scattered points

expresses the number of pores, which was proportional to the

number of wet-dry cycles (Figure 8E). From the spatial density of

scattered points, it could be intuitively classified into three scales:

small pores (0 < Dmin <1 mm, 0 < Dmax < 2 mm), microcracks

(1≤ Dmin ≤ 2 mm, 2≤ Dmax ≤ 6 mm) and large-scale fissures

( Dmin > 2 mm, Dmax > 6 mm). The changes in the number of

pores between different scales were as described above and will

not be repeated here. However, assuming an infinite cycle of dry-

wet processes, the slope of fitted curve in Figure 8E will decline

(the slope of a dense and uniform rock is infinite). This law fully

suggested that repeated dry-wet cycles will propagate original

micro-cracks and connect them into large-scale fissures, while

the small pores will transition to microcracks and always be

generated. When the large-scale fissures penetrate to a critical

point, the mudstone disintegrates or broke.

3.2.4 Orientation
Directional indicators such as Phi and Theta convey the

direction, representing the angle between the projection of vector

on the XOY or XOZ plane and x or z axis, respectively. By using

these two variables, spatial orientation of cracks may be

determined and its dynamic evolution can be clarified.

Directional frequency Fi (α) characterizes the degree of chaos

in the arrangement of cracks in the mudstone. The calculated

formula is as follows (Huang 2016):

Fi (α) � Ni

N
× 100% (2)

Where Ni is the number of cracks in the ith direction. N is the

total number of cracks. α means a single located angle in the

direction in which the cracks are arranged. Phi and Theta in this

study were equally divided into 10° and 15°, respectively. The

statistics of average directional frequency distribution under

different wet-dry cycles are exhibited in Figure 9.

From Figure 9A, the orientation of cracks in the undisturbed

sample was parallel to the x axis, corresponding to Figure 5B. No

matter how many dry-wet cycles were experienced, directional

frequencies of fissures andmicrocracks were always concentrated

at approximately 0° and 80–90° (structure of the branch was

FIGURE 10
Changes in pore of mudstone samples by MIP and BET. (A)
Distribution curve of continuous pores in undisturbed mudstone;
(B) Isothermal adsorption curve under different cycles; and (C)
Cumulative curve of pore volume.
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roughly perpendicular to the main fissure in the x-direction),

while the rest of the intervals were relatively stable. The reason

may be that the lateral seepage channels were mainly horizontal.

Affected by long-term sedimentation and climatic factors, the

density, mineral and content of rock mass in a specific area were

almost fixed. The swelling direction of remaining fissures may be

connected to the distribution of hydrophilic clay minerals and

have a degree of stubbornness. For the projection of cracks on the

XOZ plane (Figure 9B), the horizontally oriented original cracks

were orthogonal to the z-axis, thus their orientation frequency

appeared to be 90° or 270°. However, with the participation of

dryness and wetness, it is most significant near polar angles (such

as 0°, 90°, 180°, and 270°). After one cycle, the number at 0° and

90° was the largest. In this case, the structure was in a “tree-like”

state. When the second cycle was over, the cracks were

distributed isotropically at four polar angles and the cracks

were uniformly “net-like” (Figure 5B). The above findings

fully illustrated that spatial orientation of fissures depended

on the long-term deposition state of hydrophilic minerals,

seepage, and the number of dry-wet deformation. The fissures

of red-bed mudstone roughly followed the gradual development

law of “horizontal original structure-branched extended

structure-networked connected structure".

3.3 Changes in microscopic pores

Regarding the deterioration of micro-scale pore structures, a

combined method of low-temperature nitrogen adsorption and

mercury intrusion analysis was adopted to determine the changes

in the shape, number, and size of the pores before and after

wetting and drying.

3.3.1 Joint pore size
According to the characteristics of BJH method and mercury

intrusion method at different scales, microscopic andmesoscopic

pores were connected at a size of 100 nm. Figure 10A presented

the joint distribution of pore size of undisturbed mudstone.

Logarithmic abscissa can better reflect the full range of pore

behaviors. In Figure 10A, the pores in the sample spanned a wide

scale (10–105 nm), covering micropores and mesopores. As for

micropores, the peak of pore size was at 40 nm. This scale

roughly corresponds to interlayer spacing of clay minerals

such as montmorillonite, illite, and kaolinite (Zhang et al.,

2017; Song and Wang, 2019). The mesoporous part in

Figure 10A also had several peaks (100–1500 nm), belonging

to the category of pores and microcracks. Pores larger than

1500 nm were not obvious and can be ignored. Hereby, the

compactness of undisturbed mudstone was confirmed again.

Since the number of pores in the sample was small and most

of them were interlayer spacing, it created an indispensable

material foundation and spatial conditions for the

development of pores and microcracks in the dry-wet cycle.

3.3.2 Isothermal adsorption curve
There was the loop in curve of low-temperature nitrogen

adsorption. The shape of the loop was closely related to the pore

structure (Liu and Yang. 2014). Figure 10B plotted the isothermal

adsorption curves for different cycles. The bottom and top of

curve presented the processes of adsorption and desorption,

respectively. The curve in Figure 10B was approximately

S-shaped, and it was convex when the relative pressure was

lower than 0.4. Subsequently, it rose gently, which was

specifically manifested by the adsorption of monolayer. As

relative pressure climbed, monolayer will gradually become

saturated with adsorption and the adsorption of multi-layer

will begin. When relative pressure reached 1, the curve rose

sharply. The adsorption layer also approached infinity and

capillary condensation occurred. According to definition of

isothermal adsorption by IUPAC, this type of loop was

similar to type II (Jin and Huang, 2015). But during the

desorption period, the curve decreased rapidly in the early

stage. The curve in Figure 10B was roughly equivalent to the

combination of the adsorption curve of type B and the isothermal

adsorption curve of type II. Accordingly, it can be judged that

microporous structures of mudstone should include uniform

parallel pores and wedge-shaped capillary pores with openings

on all sides, belonging to the interlayer spacing and particle pores

composed of various minerals, respectively. In connection with

geological environment of rock mass, under the combined

influence of sedimentation and cementation, the above-

mentioned layered pore structure was prone to forming.

TABLE 5 Characteristics of micropores.

State Surface area (m2/g) Pore volume (cm3/g) Pore size (Å)

BET BJHAdsorption BJHDesorption BJH Adsorption BJHDesorption BJH Adsorption BJHDesorption

Undisturbed 13.2693 8.9899 10.1416 0.00899 0.012071 20.000 23.178

One cycle 13.6662 9.2435 11.6209 0.009050 0.013413 19.582 23.084

Two cycles 15.4397 10.5743 13.0214 0.010273 0.014747 19.430 22.650
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In contrast, the shapes of three curves were similar.

Successive circulation led to an increase in the amount of

adsorption and desorption at the same relative pressure.

Morphology and size of the micropores in the sample

remained generally unchanged, only enlarging the volume and

specific surface area (Table 5).

3.3.3 Changes in pore volume
Figure 10C described the accumulation and distribution of

pore volume of microscopic pores in the range of 10–80 Å. The

aperture was inversely proportional to the slope of curve. The

larger the pore size, the smaller the number of pores. The curve

rose fastest within 10–20 Å, and this interval has been proved to

be mostly the interlayer spacing caused by parallel aggregation of

clay flakes. The pores larger than 20 Å usually were the pores

(wedge-shaped capillary pores) inside a single particle. In

summary, nano-scale pores of the sample were still dominated

by flat plates, meaning the clay minerals are widely distributed.

From the original state to the first cycle and finally to the second

cycle, the curves almost overlapped when the pore size was less than

15 Å. Thus, the impact of wet-dry environments on the pores in this

range was minimal (Figure 10C). The pores of this scale may be the

basal spacing of non-clay minerals such as quartz, albite, and calcite.

But above its size, pore volume of the sample increased significantly

after being immersed in water and dried. With consecutive periods

of dry-wet deformation, the increment of pore volume continued to

descent. Moreover, clay minerals swelled after hydration, and

dehumidification will make water molecules evaporate and

produce irreversible shrinkage deformation. When the second

cycle was over, swelling potential of clay minerals was almost

completely released. The above results have fully demonstrated

the speculation and analysis.

4 Conclusions

In this paper, typical red-bed mudstone in central Sichuan

was taken as the study object. The mechanism of tensile stress

caused by evaporation of water molecules in the initial stage of

drying delayed the shrinkage was considered. The effect of water

immersion, residual strain after dehydration and environmental

temperature on the mechanical behaviors of mudstone were

discussed. Based on this, the variation of structural features

such as fissures, microcracks and pores inside the mudstone

with continuous dry-wet cycles were discussed. By linking the

swelling-shrinking performance between scales, multi-scale

mechanism of structures during dry-wet process was illustrated.
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