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Soft rock undergoes internal structural redistribution and randomdamage under
the action of dry–wet cycles, with these processes ultimately affecting its
mechanical properties. In order to analyze the evolution mechanism of mineral
composition inside soft rocks, an effective method for the characterization of
the nonlinear damage of soft rock using a multifractal spectrum is presented.
Moreover, a cross-scale correlation model of internal structural changes and
strength degradation is established. Based on scanning electron microscopy
(SEM) images of soft rock subjected to a varying number of dry–wet cycles,
the damage propagation path was tracked via a rock-like compression failure
test. The study results indicate that soft rock exhibits a random fractal damage
effect under the action of dry–wet cycles. As the number of cycles increases,
the multifractal spectrum becomes more asymmetric and the discretization
degree becomes more uneven. The soft rock exhibits cross-scale evolution
characteristics frommesostructural to macroscopic damage after encountering
water. After a series of reactions between water and soft rock, the bonding
between particles weakens and recombines, ultimately affecting themechanical
properties of the soft rock. The research results have enriched the research
framework of soft rock failure mechanisms, and provided an effective method
for quantitatively characterizing the correlation analysis between soft rock
damage and damage at different scales.

KEYWORDS
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1 Introduction

Inmany areas with soft rock formations, the natural environment and groundwater have
a continuous impact on the soft rock, causing varying degrees of damage from dry–wet
cycles. This damage often leads to recurrent engineering accidents and significant economic
losses. The dynamic softening process mechanism of soft rock is shown in Figure 1. The
mechanical properties of soft rock are maintained through effective bonding between
particles within a porous medium. The compressive strength of soft rock is determined
by the mineral composition and bonding strength of particles. Understanding water–rock
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FIGURE 1
Softening process of soft rock.

interaction under dry–wet cycle conditions is a fundamental issue
in collaborative research across different fields in academia and
engineering. Research findings in this field hold significant practical
value for application in engineering practice (Kaniz et al., 2023;
Wagdi and Ahmed, 2023; Li W. et al., 2022; Lin et al., 2024).
Revealing the failure mechanism of soft rock under dry–wet cycles
and achieving the quantitative characterization of soft rock damage
can offer practical and feasible solutions for controlling engineering
disasters.

At present, research on the mechanism of the dry–wet cycle
between soft rock and water mainly focuses on achieving relevant
results at different scales. Regarding the interaction between soft
rock and water, the changes in ion concentration and acid–base
properties in aqueous solutions are primarilymeasured to determine
the alterations in the mineral composition of the soft rock itself
and further validate its mechanical properties (Ali and Davood,
2020; Krzysztof and Radoslaw, 2022; Sara et al., 2024; Anh et al.,
2023). During dry–wet cycles, the process of electrolysis occurs
between hydrogen ions and hydroxide ions within the aqueous
solution. This process allows for the penetration of these ions into
the interior space of soft rock, where they undergo neutralization
reactions with the anions and cations that comprise the mineral
components inside. The ongoing process of dissolution has an
impact on the clay minerals present in the soft rock. The series of
chemical reaction processesmainly involves themeasurement of ion
concentration in aqueous solutions, changes inmineral composition
inside the soft rock, and the disclosure of damage mechanisms
under dry–wet cycles based on experimental results (Zhang N. et al.,

2023; Kausar et al., 2024; Huang et al., 2022; Liu C. et al., 2022).
Some researchers focus their attention on the analysis of easily
disintegrating soft rock, studying its softening process and exploring
changes in physical and mechanical properties. They also aim to
establish correlations between rock mass and its microstructural
dynamics in order to elucidate collapse mechanisms. Such research
is crucial for understanding the behavior of soft rock and its potential
impact on geological formations (Liu and Lu et al., 2000; Huang and
Che, 2007; Xu et al., 2024). The adverse effects of dry–wet cycles on
soft rock are primarily evident in the ion exchange between water
and rock, aswell as changes inmineral composition, which represent
chemical reactions at the microscopic level.

Soft rock, due to its discrete and vulnerable nature, exhibits
strong overall failure and nonlinear disintegration softening
characteristics during the dry–wet water cycle. These characteristics
are primarily attributed to the ingress ofwater into the interior of soft
rock, which disrupts the bonding between particles and leads to the
formation of numerous cracks. Consequently, a significant number
of researchers have directed their attention toward investigating the
mechanism of damage caused by water–rock interaction during
dry–wet cycles at both micro- and macro-scales. For example,
soft rock can be subjected to triaxial compression tests and
scanning electron microscopy analysis under saturated conditions,
with varying confining pressures and saturation levels used. The
possibility to perform such tests is based on the rock’s mechanical
properties and microstructural characteristics. By subdividing the
primary damage areas of soft rock samples, it is possible to analyze
the two-stage progressive freeze–thaw damage process both before
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and after surface peeling. Furthermore, it is essential to establish
a correlation between the internal constitutive model of soft rock
and related variables (Zhao, 2022; Liu et al., 2021; Jiang et al., 2022;
Ning et al., 2023). Uniaxial compression failure tests were conducted
on dry, natural, and saturated soft rock using acoustic emission
detection to examine the physical and mechanical properties,
water softening characteristics, and energy damage evolution
mechanism of mudstone. The peak stress and elastic modulus
of soft rock decrease with increasing water content, leading to a
gradual transition in deformation characteristics from brittleness to
ductility (Mahbashi et al., 2023; Feng et al., 2023; Chen et al., 2018;
Liu X. X. et al., 2022; Huang et al., 2023). In terms of numerical
and theoretical models, discrete element simulation is primarily
used to investigate the damage and fracture processes occurring
between particle micro-contacts. During simulation, the correlation
between micro-parameters and macro-parameters is systematically
analyzed and validated. A proposed empirical formula for the shear
band inclination angle takes into account the shear dilation angle.
In addition, the parallel bonding model introduces tensile and
shear damage variables to characterize the deformation, strength,
and energy evolution characteristics of particle connection bonds
(Liu et al., 2024; Jia et al., 2023; Zhou et al., 2024). Therefore, under
the action of dry–wet water cycles, soft rock undergoes continuous
internal particle damage and accumulation, eventually leading
to the comprehensive evolution of crack formation. However,
understanding of the intrinsic correlation mechanism of softening
in soft rock is still in its early stages. The correlation between the
characteristics of granular changes and the expansion of soft rock
fractures requires further investigation.

The dry–wet cycle has a direct impact on the cementation effect
of clay mineral particles during the failure process of soft rock. As
the interconnection between skeletal particles weakens,microcracks
persist in occurring and expanding, ultimately leading to a reduction
in the compressive strength of the rock mass. Existing research on
this topic has primarily focused on quantitatively characterizing soft
rock structures. The porosity and arrangement of particles within
soft rock undergo changes, leading to the formation of different
shapes (Li Z. S. et al., 2022; Zhang Z. P. et al., 2023; Dong et al.,
2024; Lai et al., 2024; Wang et al., 2023). Furthermore, as surface
cracks develop in soft rock, there is continued appearance and
accumulation of blocks of rock and soil failure. Analyzing the fractal
path and fractal dimension of cracks and paths can provide a
better understanding of the macroscopic failure mechanism of soft
rock (Xin et al., 2023; Liu and Kang, 2023). Therefore, quantitative
characterization using fractals can effectively capture both the
discrete and distributed characteristics of rock damage within soft
rock. Based on the fractal dimension and fractal path, the damage
mechanism of soft rock under the action of dry–wet cycles can be
further elucidated.

Based on the above research findings, it is evident that soft
rock undergoes internal structural changes evolving into external
macroscopic damage under the action of dry–wet cycles. The
chemical reactions between water and soft rock, along with the
exacerbation and accumulation of damage between the particles
of soft rock, ultimately lead to the overall failure of the soft
rock. However, the damage mechanism of soft rock is extremely
complex, and further research on related scientific issues is still
required. Research on the damage mechanism of soft rock is

typically divided into two levels: mesoscopic and macroscopic.
Mesoscopic research primarily focuses on the mineral composition
and microstructure of soft rocks, while macroscopic research
centers on the mechanical properties and deformation and failure
characteristics of soft rocks. However, previous studies have often
failed to effectively integrate the meso and macro levels, resulting
in a lack of comprehensive understanding of the mechanism of
soft rock damage. For instance, further research is needed to
investigate how changes in mesostructure affect the macroscopic
mechanical properties of soft rocks, as well as the evolution laws
of mesostructure during macroscopic deformation and failure
processes. Such factors therefore raise questions: for example, how
can we quantitatively characterize the damage variable of soft rock
and then invert the evolution law of the internal structure of soft
rock based on this information? How can we determine the intrinsic
relationship between particle damage and macroscopic cracks in
the process of soft rock damage and thereby reveal the dynamic
reorganization behavior of the internal structure of soft rock? To
address the above two issues, a more comprehensive prediction of
the strength variation law under the action of water in soft rock
needs to be achieved. This prediction can provide more accurate
theoretical support for practical engineering. Therefore, in this
paper, the number of dry–wet cycles of soft rock is taken as the
initial external condition. The number of cracks after the failure of
soft rock was quantitatively characterized based on fractal theory
and multifractal features. Simultaneously, the correlation between
changes in the internal structure of soft rock andmacroscopic failure
was revealed.

2 The fractal mechanism of soft rock
structure

Soft rock consists of hydrophilic clay particles and non-
hydrophilic skeleton particles, which exhibit obvious dispersion.
Unlike hard rock, the compressive strength of soft rock is not
determined by the bearing capacity of the particles themselves.
Under the action of external loads, there are no force chains between
particles. A large quantity of hydrophilic clay particles surround
non-hydrophilic skeleton particles. These two types of particles,
along with hydrophilic particles, are interconnected through
cementation, collectively influencing the compressive strength and
other mechanical properties of soft rock. There are numerous gaps
of varying sizes on the outer surface and inside of soft rock, which
indicate the initial level of damage to the soft rock. In addition,
there are two different types of contact modes between particles in
soft rock, a parallel bonding mode and a rigid connection mode,
as shown in Figure 2.

The particles are bonded together to create a strong bonding
effect, which is a concentrated manifestation of the parallel
bonding mode. When water infiltrates the rock, these cementitious
substances are susceptible to chemical reactions with water, which
disrupts the cementation process and ultimately leads to particle
separation and sliding. In the case of rigid connections, there is no
apparent bonding mineral between particles. The outer surface and
interior of soft rock contain gaps of different sizes, reflecting the level
of initial damage.
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FIGURE 2
The particle connection mode and dry-wet cycles effect inside soft
rock (both A and B in the figure are particles).

FIGURE 3
Schematic diagram of fractal damage to the internal structure of
soft rocks.

The strength of soft rock is influenced by a combination of
factors such as mineral composition, particle bonding properties,
and grain size. These factors interact in a complex manner
to determine the overall strength of the rock. Due to the
independent nature of these factors and their statistical regularity,
the strength of soft rock can be described using statistical
distribution patterns. Assuming that the strength of soft rock follows
a Weibull distribution, the probability density function is given by
(Yi et al., 2022; Bai et al., 2023)

P(ε) = m
F
( ε
F
)
m−1

exp[−( ε
F
)
m
] (1)

In Formula 1, ε represents the strain variable of soft rock
and m and F are the parameters of the Weibull distribution.
These parameters are used to characterize the physical and
mechanical properties of soft rock, reflecting their different response
characteristics to the effects of dry–wet cycles. The damage to soft
rock is caused by the destruction of its internal mesostructure.
If Nε represents the number of mesoelements in soft rock that
undergo damage andN represents the total number ofmesoelements
in soft rock, then the damage variable D for soft rock is
(Yi et al., 2022; Bai et al., 2023)
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Nε

N
=
∫

ε

0
NP(x)dx

N
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F
)
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]

(2)

The majority of non-hydrophilic skeletal particles in soft rock
are enveloped by clay minerals. The damage caused to clay
minerals by dry–wet cycles is random (Formula 2), representing

the concentrated manifestation of random fractal evolution within
soft rock in terms of the action and intensity of failure. As
illustrated in Figure 3, the interior surface of soft rock undergoes
changes when exposed to dry–wet cycles. Both the external and
internal surfaces exhibit varying degrees of damage, with the
void volume gradually increasing and the internal solid volume
decreasing. This state can be considered as the initial element of
the soft rock. The internal structure distribution is highly irregular
and disordered, with fragmented void distribution demonstrating
significant randomness. Because of the unpredictable nature of
damage caused by dry–wet cycles, the deterioration of soft rock
particles demonstrates significant discreteness and probability
distribution. Through repeated destructive effects and continuous
fractal processes, the degree of deterioration in soft rock continues
to intensify.

3 Soft rock failure test under dry-wet
cycles

3.1 Test equipment and soft rock samples

The dry–wet cycle test performed in the present study was
conducted using an NT-3A digital-display electric constant-
temperature blast-drying oven. The compression failure test
performed on the rock samples was conducted using the Matest
mechanical performance testing machine developed in Italy. As
part of the present study, we focused on investigating the impact of
dry–wet cycles on themechanical properties of soft rock, specifically
mudstone and siltstone with a high clay mineral composition. The
experiments focuse on the siltymudstones in southernChina, which
belong to moderately weathered soft rock. The minerals inside
this type of soft rock mainly comprise quartz and feldspar, with
mud calcium cement. Its natural density is 2.211 g/cm3. Standard
cylindrical specimens were prepared by processing drilled rock
cores using automatic core-takingmachines, automatic rock-cutting
machines, and double-end grinding machines. The sample size was
Φ 50 mm × 100 mm.

3.2 Experimental methods

As illustrated in Figure 4, it is the entire process of the
experiments. The below are the brief explanations of each step.

Dry–wet cycle tests: The rock samples were first soaked in
natural water for 48 h and then dried in an oven at a temperature
of 105°C for 24 h. After reaching room temperature, the rock
samples were removed, marking the completion of one dry–wet
cycle process. Each rock sample was subjected to zero, one, three,
and seven dry–wet cycles. Parallel experiments were carried out on
three rock samples within each group.

Uniaxial compression failure tests: After undergoing a series of
dry–wet cycles, uniaxial compression failure tests were conducted
on each rock sample. The loading method employed displacement
control, with a loading rate set at 0.03 mm/min. Axial loading
was applied to the rock samples using a testing machine until
failure occurred. This experimental process enabled the collection
of dynamic stress–strain data during the loading process of the
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FIGURE 4
Test process.

FIGURE 5
Stress-strain curves of rock samples under dry-wet cycles.

rock samples, as well as the capture of images of rock samples
after failure.

Tests on microscopic structure and mineral composition:
To analyze the influence of dry–wet cycles on the internal
microstructure of the rock samples, scanning electron microscopy
(SEM) experiments were conducted on sliced rock samples.
Scanning images of the microstructure of the rock samples at 2,000
times magnification were obtained after zero, one, three, and seven
dry–wet cycles.

4 Results

The test results of the uniaxial compression failure test of
the rock samples after zero, one, three, and seven dry–wet cycles
are shown in Figure 5. From the figure, it is evident that the peak
compressive strength of the rock samples gradually decreases as
the number of dry–wet cycles increases. The peak compressive

strength of the dry rock samples is 25.06 MPa. After seven dry–wet
cycles, the rock samples’ compressive strength decreased by 5.29
MPa–19.77 MPa. The change in the stress–strain curve is notable.
When the number of dry–wet cycles is 0, the compressive strength of
the rock samples rapidly decreases from the highest stress, exhibiting
strong brittle characteristics. This finding indicates that the density
of the dry rock samples is high. Following a varying number of
dry–wet cycles, the rate of decrease in maximum stress decreases
and the maximum strain increases. The rock samples undergo a
gradual transition from brittle to plastic characteristics.The primary
reason for this finding is that the internal structure of the rock
samples becomes loose after undergoing a cycle of dry and wet
conditions. This phenomenon occurs due to the interaction of water
with the rock samples, leading to the weakening of its internal
integrity. Furthermore, the bonding effect betweenmineral particles
within the rock samples gradually decreases over time, leading to
the lubrication and softening of hydrophilic clay mineral particles.
This phenomenon is indicative of a continuous decrease in the
interparticle bonding strength within the rock samples.

As shown in Formula 3, in order to analyze the changes in the
mechanical properties of soft rock under the action of dry–wet
cycles, the degradation degree Sn of rock samples under different
dry–wet cycles and the degradation degree ΔSn of each stage are
defined as follows (Zhu et al., 2021).

{
{
{

Sn = (L0 − Ln)/L0 × 100%

ΔSn = Sn − Sn−1
(3)

In Formula 3, L0 represents the strength of the initial state and
Ln represents the mechanical parameters after the second dry–wet
cycle. Based on the experimental results, the relevant degrees of
degradation for the rock samples are presented in Table 1.

Based on the results presented in Table 1, the degradation of
the peak compressive strength of the rock sample demonstrates
an increasing trend from fast to slow as the number of dry–wet
cycles increases. Compared to the initial state, after one, three,
and seven dry–wet cycles, the cumulative increment of peak
compressive strength degradation during uniaxial compression
is 12.76%, 17.63%, and 21.58%, respectively. From the degree of
degradation in the peak compressive strength stage, it is evident
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TABLE 1 Deterioration of mechanical parameters of rock samples under dry-wet cycles.

Number of dry-wet cycles Deterioration degree of mechanical parameters/%

Compressive strength Elastic modulus

All stage Each stage All stage Each stage

1 12.76 12.76 8.15 8.15

3 17.63 4.87 14.98 6.83

7 21.58 3.95 16.84 1.86

FIGURE 6
Internal microstructure of rock samples after different dry-wet cycles. (A) 0 times. (B) 1 time. (C) 3 times. (D) 7 times.

that the first three dry–wet cycles have a significant impact on
the peak compressive strength. The relatively fast degradation
rate accounts for approximately 80% of the total degradation
degree. As the number of dry–wet cycles increases, there is no
significant change in the degradation degree during the peak
compressive strength stage.After one dry–wet cycle, a deterioration
of 12.76% in the peak compressive strength during this stage
was identified, which gradually decreased thereafter. After three
dry–wet cycles, this decrease reached 4.87%. Therefore, the
above results indicate that these three dry–wet cycles had a
significant impact on the compressive strength of the rock
samples. Subsequently, an increase in the number of dry–wet
cycles did not have a significant impact on the compressive
strength of the rock samples.

As the number of dry–wet cycles increases, the overall
degradation of the elastic modulus of the rock samples shows a
trend of increasing from fast to slow. Compared to the initial state,
after one, three, and seven dry–wet cycles, the total degradation
increment of the elastic modulus of the rock samples is 8.156%,
14.98%, and 16.84%, respectively. From the perspective of elastic
modulus degradation, it is evident that the initial three dry–wet
cycles have a significant impact on the elastic modulus of the
rock samples. The degradation rate is relatively fast, accounting for
approximately 88% of the total degree of degradation. However, as
the number of dry–wet cycles increases, there is a rapid decrease in
this degradation trend. After one dry–wet cycle, there was an 8.156%
deterioration in the strength stage, which gradually decreased
thereafter. After seven dry–wet cycles, this deterioration rapidly
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FIGURE 7
Uniaxial compression failure mode of rock samples. (A) 0 dry-wet cycles. (B) one dry-wet cycle. (C) three dry-wet cycles. (D) seven dry-wet cycles.

decreased to only 1.86%. It can be concluded that dry–wet cycling
has a significant impact on the elastic modulus and ultimately
leads to a substantial decrease in the compressive strength of the
rock samples.

5 Discussion

5.1 Bonding mechanism between particles
of soft rock

To analyze the microstructural changes in the rock samples
after a varying number of dry–wet cycles, the internal distribution
characteristics of the structure were determined using scanning
electron microscopy (SEM). The distribution morphology of
the internal structure of the rock samples was determined,
as shown in Figure 6. The image was magnified 1,000 times by an
electron microscope.

From Figure 6, it is evident that the interior surface of the
soft rock primarily consists of block-like particles, which are non-
hydrophilic and predominantly composed of quartz. Surrounding
these non-hydrophilic minerals are hydrophilic clay minerals,

closely interconnected as a whole. In the absence of dry–wet cycles,
the initial damage to the rock samples is minimal, with fewer
microcracks and micropores. At this stage, the integrity of the rock
samples is good and the bonding between particles is relatively
strong. However, as the number of dry–wet cycles increases, there
is a significant increase in internal damage to the rock samples.
Microcracks continue to proliferate and lengthen, while micropores
also increase accordingly. Specifically, after seven cycles of dry and
wet conditions, the internal structure of the rock samples becomes
very loose.This phenomenon leads to the expansion and aggregation
of cracks in addition to further enlargement of pores, creating
favorable channels for water infiltration. The end result is a decrease
inmechanical properties such as the compressive strength and shear
strength of the rock samples.

However, under the action of dry-wet cycles, there is always
energy dissipation due to the interaction between the destruction
of particles inside soft rocks and water. Researchers such as Bai
(Bai et al., 2022) have confirmed that when hydrated minerals
undergo dissociation, their internal particles exhibit recombination
characteristics and cause corresponding energy dissipation. Under
this destructive mechanism, the bonding force between particles
decreases. Meanwhile, the findings of Bai (Bai et al., 2020) indicate
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FIGURE 8
The fractal dimension of the final fracture of rock samples. (A) 0 dry-wet cycles. (B) one dry-wet cycle. (C) three dry-wet cycles. (D) seven
dry-wet cycles.

that the movement of water can cause the migration of mineral
chemical composition. Due to the significant driving effect of
temperature gradient, moisture promotes the gradual movement
of relevant ions towards distant areas and forms an uneven
distribution. Therefore, the dissipation and abrupt changes of
energy, as well as the driving force of temperature gradients, can
cause random damage paths in soft rocks, ultimately leading to
deformation and failure of soft rocks.

5.2 Failure mode of soft rock

Figure 7 illustrates the final morphology of the rock samples
after uniaxial compression failure following a varying number of
dry–wet cycles. With an increasing number of dry–wet cycles,
the rock samples undergo a transition from tensile fracture along
the axial direction to shear failure, resulting in an increased
degree of failure. During tensile failure, macroscopic cracks in

the rock samples align with the direction of principal stress.
Furthermore, as the number of dry–wet cycles increases, more
and wider cracks are generated during loading and failure of the
rock samples.

5.3 Fractal dimension of cracks in rock
sample

Based on the image captured of the rock samples after failure, we
focused on tracking the distribution characteristics of surface cracks.
The final crack condition of the rock samples ismainly characterized
by the number and length of cracks. The evolution process of
cracks provides the most direct basis for understanding its failure.
Therefore, a quantitative characterization of the fractal dimension
of the final fracture morphology was carried out to further explore
the damage law of soft rock. Assuming that a small square with a side
length of e× e is used to cover the binary crack image, N represents
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FIGURE 9
The cracks distribution function for the ultimate failure of rock samples. (A) 0 dry-wet cycles. (B) one dry-wet cycle. (C) three dry-wet cycles. (D) seven
dry-wet cycles.

the total number of small squares required. Among all covered small
squares, N(e) denotes the total number of boxes that can cover all
objects studied. By changing the box edge length size, a series of
corresponding box numbers are obtained as n(e1),n(e2),⋯,N(en).
The number of covered boxes N(ei) is obtained and divided by the
logarithm of the side length dimension ei of the box, and this is
plotted in a coordinate system. Then, a linear fit is applied to the
obtained curve. The fitted slope is considered as the fractal value of
the research object.

D = − lim
e→0

log(Ne)
log (e)

(4)

In Equation 4, D represents the fractal dimension. The formula
demonstrates that the fractal dimension is able to characterize the
presence of a specific research objectwithin the population.Utilizing
the methods described above, the Matlab R2023b software program
was employed to compute the fractal dimension of the final fracture
of the rock samples, as shown in Figure 8.

From Figure 8, it is evident that the fractal dimension of
rock sample cracks varies with the number of dry–wet cycles.
This finding suggests that the damage circumstances and crack
distribution characteristics of rock samples vary due to the different
effects of water. When comparing the fractal dimension under
different dry–wet cycles, an overall increasing trend was observed.
This finding indicates that as the number of dry–wet cycles increases,
the pore structure inside the soft rock becomes more complex,
leading to a broader distribution of cracks. Consequently, this
process results in more pronounced brittle characteristics in the
rock samples. Regarding the results described above, we only
observed the overall characteristics of soft rock during a specific
saturated time period, without capturing its specific detailed
structure. Soft rock, as a dispersed body, possesses an extremely
complex and diverse internal structure. Merely studying its overall
condition may lead to overlooking many important details.
Therefore, it is imperative to delve into the specific details and
conduct more in-depth research.
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FIGURE 10
The cracks generalized fractal dimension for the ultimate failure of
rock samples.

FIGURE 11
The cracks multifractal spectrum for the ultimate failure of
rock samples.

5.4 Multifractal characteristics of soft rock
cracks

In the above fractal dimensions, the overall structural failure
of the rock samples can be efficiently obtained. However, for
the distribution of cracks, it is more difficult to analyze more
detailed structures using fractal dimension. For example, important
information such as the uniformity, distribution probability, and
location of cracks can better reflect the mechanical properties
of soft rock. In order to comprehensively analyze the cracks in
rock samples, we adopted the multifractal analysis method in our
study. By selecting the range of variation in statistical moments’
orders, the multifractal characterization parameters were calculated
for void structures during soft rock failure. According to the
relevant literature on multifractal theory provided in this field, we
followed the calculation methods stated therein (Hadrien et al.,

2017). When determining the order q, we defined the allocation
function x(q,δ) as

x(q,δ) =
N(δ)

∑
i=1

μqi (5)

In Formula 5, μ is the probability measure of rock sample cracks,
δ is the edge length of the grid box covering the rock sample crack
image, and N(δ) is the number of boxes covering the entire image.
There is a relationship between x(q,δ) and δ as follows.

x(q,δ) ∼ δτ(q) (6)

In Formula 6, τ(q) is the quality function, which has important
significance in multifractals and is a characteristic function in
multifractals. Its expression is as follows.

τ(q) = lim
δ→0

log X(q,δ)
log (e)

(7)

According to the Legendre transformation, we have

{{
{{
{

α(q) =
δτ(q)
δq

f(α) = α(q)q− τ(q)
(8)

Using the Formulas 7, 8, we selected the order variation range
of from −10 to 10, with a variable of 1. The distribution function,
generalized fractal dimension, and multifractal spectrum of surface
cracks on rock samples were calculated according to relevant
programs; the results are shown in Figures 9–11.

FromFigure 9, it is evident that the crack distribution of the rock
samples demonstrates a strong linear relationship between scale and
frequency, indicating a typical first-order power-law distribution.
Particularly for the part with order q > 0, the graph exhibits a
very strict linear distribution feature. The slope of the distribution
function curve varies with the value of q and reflects the multifractal
structural characteristics of cracks. The linear characteristics of the
allocation function remain unaffected by the size of the research
scale and maintain their own scale invariance. This fact further
elucidates the heterogeneity, discreteness, and randomness of crack
distribution. In accordance with real-world conditions, this research
question holds significant value and objective necessity.

From Figure 10, it is evident that the variation in the generalized
fractal dimension D(q) of the rock samples exhibits an inverse
“S” decreasing function curve under different dry–wet cycles.
Additionally, D(q) decreases as q increases. The curve demonstrates
a bending trend in the opposite direction at q = 0, with the
generalized fractal dimension at q < 0 being greater than that at
q > 0. When the value of q is constant, a soft rock with more
dry–wet cycles has a larger value of D(q). There is a greater
difference between the maximum and minimum values of D(q),
indicating a larger span of the generalized fractal dimension. This
finding suggests that as the number of dry–wet cycles increases,
the distribution of cracks in the rock samples becomes more
complex. The distribution and variation of cracks serve as a
concentrated manifestation of the overall mechanical properties of
the rock samples.

From Figure 11, it is evident that the multifractal spectral
function curve exhibits an upward convex trend with consistently
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FIGURE 12
The intrinsic correlation mechanism of fractal damage in soft rocks. (A) initial state. (B) low dry-wet cycles. (C) high order dry-wet cycles.

occurring maximum values. The maximum value of f(α) varies
for different dry–wet cycles, but the differences are very slight.
Additionally, the curve span of multifractal spectra exhibits
variability, widening as the number of dry–wet cycles increases.This
finding suggests that a greater number of dry–wet cycles results in
a more widespread distribution of cracks in the rock samples and
a higher degree of internal damage. Furthermore, the multifractal
spectral curve lacks symmetry and is predominantly concentrated
on the right side of the maximum value. This finding indicates an
extremely concentrated distribution of cracks in specific areas with
a low degree of discretization. Consequently, during the uniaxial
compression failure process of the rock samples, there is reduced
generation of new cracks, primarily due to continuous expansion
and enlargement of the main cracks, ultimately leading to shear
failure in the rock samples.

5.5 Mechanism of soft rock damage
evolution

Based on the results of the experiments described above and a
comprehensive analysis of multifractals, it can be concluded that
the effect of damage on soft rock exhibits randomness and follows
relevant probability distributions. For soft rock, the process of
dry–wet cycles represents a complex form of deterioration. The
extent of this destructive effect is closely related to the path and
intensity of the fractal. Furthermore, localized damage within the
soft rock accumulates and evolves continuously, ultimately leading
to the failure of the rock mass. This phenomenon is mainly related

to the inherent evolution of the relationship between micro- and
macro-perspectives.

As shown in Figure 12, the soft rock has local damage in
its initial state. At this point, the number of internal gaps is
minimal, and the bonding between particles is relatively tight.
When soft rock is subjected to dry–wet cycles, water repeatedly
breaks down the bonding material between particles. This kind
of destruction is a concentrated manifestation of fractals. In
the initial state, fractal initial units exist in soft rock. As
the dry–wet cycles continue, these initial units expand and
extend to different extents and in different directions, generating
secondary elements and new initial elements. Due to the fractal
effect having a certain probability distribution, during low-order
dry–wet cycles, damage to soft rock typically occurs locally. After
multiple cycles of high-level moisture and dryness, the continuous
expansion and accumulation of the damaged area ultimately lead
to an increase in macroscopic cracks in soft rock. This finding
precisely validates the experimental results and the distribution
pattern of the multifractal spectrum, demonstrating the inherent
correlation mechanism between meso- and macroscopic damage
in soft rock.

6 Conclusion

In the study presented herein, themulti-scale failuremechanism
and fractal damage effect of soft rock were investigated through
the use of dry–wet cycle and uniaxial compression failure tests. In
this study, the structural changes and correlations between different

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1466304
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liang et al. 10.3389/feart.2024.1466304

scales in the process of soft rock failure are explored. The main
conclusions of this study are as follows.

The damage to soft rock is a concentrated manifestation
of the fractal effect, which is subject to randomness. The
greater the number of dry–wet cycles, the greater the fractal
dimension of crack damage in soft rock and the greater the
extent of damage to the soft rock. The failure pattern of soft
rock exhibits obvious fractal structural characteristics in terms
of the distribution function of cracks and the generalized fractal
dimension. With an increasing number of dry–wet cycles, the
distribution of cracks in soft rock becomes more widespread,
and the difference in generalized fractal dimension becomes
larger. This finding indicates a greater degree of deterioration
of soft rock.

Under the action of dry–wet cycles, the strength and direction
of fractal pathways can alter the structural distribution of soft rock.
The bonding between particles within the soft rock is disrupted
and reorganized. The continuous increase and accumulation
of internal damage in soft rock lead to the generation and
propagation of macroscopic cracks. This phenomenon ultimately
results in a reduction in the elastic modulus and compressive
strength of the soft rock. Soft rock exhibits both meso- and
macroscopic damage characteristics under the action of dry–wet
cycles, and there exists a fractal intrinsic correlation between these
two scales.
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