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Abstract: Argillaceous siltstone is prone to deformation and softening when exposed to water, which
poses a great threat to practical engineering. There are significant differences in the degrees of
damage to this type of rock caused by solutions with different water temperatures. This study aimed
to better understand the effect of temperature on argillaceous siltstone by designing immersion
tests at water temperatures of 5, 15, 25, and 35 ◦C, analyzing the mechanical properties and cation
concentration shifts under each condition. A water temperature–force coupled geometric damage
model for argillaceous siltstone was developed, incorporating a Weibull distribution function and
composite damage factors to derive a statistical damage constitutive model. The findings reveal that,
with increasing water temperature, the peak strength and elastic modulus of argillaceous siltstone
display a concave trend, initially decreasing and then increasing, while the cation concentration
follows a convex trend, first increasing and then decreasing. Between 15 and 25 ◦C, the stress–strain
behavior transitions from a four-phase to a five-phase pattern, with pronounced plasticity. The
model’s theoretical curves align closely with experimental data, with the Weibull parameters m and
λ effectively capturing the rock’s strength and plastic characteristics. Changes in water temperature
notably influence the damage variable D12 in the context of water temperature–peak stress coupling,
with D12 initially increasing and then decreasing with higher temperatures. These research results
can provide new methods for exploring the paths of soft rock disasters and provide guidance for
designing defenses in geotechnical engineering.

Keywords: argillaceous siltstone; different water temperatures; constitutive model; damage variable

1. Introduction

In the field of geological and geotechnical engineering, the stability of soft rock has
consistently been a focus of research due to its complex mineral composition, including
kaolinite and montmorillonite; the minerals undergo dissolution, hydrolysis, ion exchange,
and redox reactions upon water exposure, altering the rock’s microstructure [1]. Shallow
groundwater, a vital component of subsurface spaces, experiences temperature variations
from external environmental changes, typically ranging from 0 ◦C to 40 ◦C [2]. Water
temperature changes not only impact the rock’s thermodynamic state but also potentially
modify the internal moisture distribution, mineral composition, and chemical reaction rates,
subsequently affecting both the microstructure and macroscopic mechanical properties
of the rock. With global climate change contributing to more frequent extreme weather
events, temperature fluctuations in shallow groundwater increasingly threaten the op-
erational safety of underground constructions like tunnels, subways, and underground
storage. Especially in clay mineral-rich soft rock formations, these temperature variations
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may intensify hydrolysis and ion exchange reactions, weakening rock strength and alter-
ing deformation characteristics, potentially leading to mining collapses and landslides
(Figure 1). Understanding the impact of water temperature on the mechanical properties
of argillaceous siltstone is crucial for predicting and controlling the stability of argillaceous
siltstone in practical engineering applications. In industrial fields such as oil and gas
extraction and geothermal energy development, knowing the effects of water temperature
on rock properties can optimize extraction techniques, reduce resource waste, and improve
energy efficiency. This study aims to systematically analyze the effects of shallow ground-
water temperature changes on the mechanical properties and microchemical interactions of
argillaceous siltstone through experimental testing and theoretical analysis. It is essential
not only for revealing the mechanical behavior of argillaceous siltstone under complex
environmental conditions but also for ensuring the long-term stability and safety of un-
derground engineering. This research can provide new data and theoretical support for
geology, materials science, and environmental science, allowing for a deeper understanding
of the reaction mechanisms and evolution processes of argillaceous siltstone under different
temperature conditions.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 2 of 19 
 

threaten the operational safety of underground constructions like tunnels, subways, and 
underground storage. Especially in clay mineral-rich soft rock formations, these temper-
ature variations may intensify hydrolysis and ion exchange reactions, weakening rock 
strength and altering deformation characteristics, potentially leading to mining collapses 
and landslides (Figure 1). Understanding the impact of water temperature on the me-
chanical properties of argillaceous siltstone is crucial for predicting and controlling the 
stability of argillaceous siltstone in practical engineering applications. In industrial fields 
such as oil and gas extraction and geothermal energy development, knowing the effects 
of water temperature on rock properties can optimize extraction techniques, reduce re-
source waste, and improve energy efficiency. This study aims to systematically analyze 
the effects of shallow groundwater temperature changes on the mechanical properties 
and microchemical interactions of argillaceous siltstone through experimental testing 
and theoretical analysis. It is essential not only for revealing the mechanical behavior of 
argillaceous siltstone under complex environmental conditions but also for ensuring the 
long-term stability and safety of underground engineering. This research can provide 
new data and theoretical support for geology, materials science, and environmental sci-
ence, allowing for a deeper understanding of the reaction mechanisms and evolution 
processes of argillaceous siltstone under different temperature conditions. 

  
Figure 1. Engineering disaster map. (a) Mine collapse. (b) Mountain landslide. 

There have been extensive scientific investigations into the effects of temperature on 
rock mechanics. Hongbo Gao et al. conducted mechanical tests on gypsum rock in a 
high-temperature saline solution, revealing that the rock strength decreases and damage 
intensifies with an increase in temperature [3]. Zenghui Xu et al. discovered that the 
peak strength and elastic modulus of fully saturated argillaceous siltstone increase with 
water temperature [4]. Xiangxin Liu et al., using uniaxial compression tests and scanning 
electron microscopy (SEM), found that rock strength increases with temperature be-
tween 30 °C and 50 °C but slightly declines at higher temperatures, though with mini-
mal variation [5]. Yinlong Lu et al., Using a custom-designed thermostatic water tank 
within the electro-hydraulic servo-controlled testing system (MTS816), a series of uniax-
ial compression tests were conducted on sandstone samples immersed at varying tem-
peratures (25 to 95 °C). The study systematically analyzed the water absorption charac-
teristics and the effects of water and temperature on the uniaxial compressive strength 
(UCS) of the samples. The results revealed that the hydration effect of sandstone is 
highly sensitive to water temperature. When the water temperature increased from 25 °C 
to 95 °C, the UCS and elastic modulus of the saturated sandstone increased linearly by 
21.3 MPa and 20.2%, respectively [6]. Hui Zhang et al., utilizing damage mechanics the-
ory, constructed a rock damage model under temperature–load coupling, showing that 
the damage in salt rock escalates with higher temperatures but lessens under higher 
confining pressure [7]. Chao Wei introduced a thermal damage variable, damage modi-
fication coefficients, microfracture compaction coefficients, damage cracking stress, and 
strain parameters to construct a rock statistical damage constitutive model, based on the 

Figure 1. Engineering disaster map. (a) Mine collapse. (b) Mountain landslide.

There have been extensive scientific investigations into the effects of temperature
on rock mechanics. Hongbo Gao et al. conducted mechanical tests on gypsum rock in a
high-temperature saline solution, revealing that the rock strength decreases and damage
intensifies with an increase in temperature [3]. Zenghui Xu et al. discovered that the peak
strength and elastic modulus of fully saturated argillaceous siltstone increase with water
temperature [4]. Xiangxin Liu et al., using uniaxial compression tests and scanning electron
microscopy (SEM), found that rock strength increases with temperature between 30 ◦C
and 50 ◦C but slightly declines at higher temperatures, though with minimal variation [5].
Yinlong Lu et al., Using a custom-designed thermostatic water tank within the electro-
hydraulic servo-controlled testing system (MTS816), a series of uniaxial compression tests
were conducted on sandstone samples immersed at varying temperatures (25 to 95 ◦C).
The study systematically analyzed the water absorption characteristics and the effects
of water and temperature on the uniaxial compressive strength (UCS) of the samples.
The results revealed that the hydration effect of sandstone is highly sensitive to water
temperature. When the water temperature increased from 25 ◦C to 95 ◦C, the UCS and
elastic modulus of the saturated sandstone increased linearly by 21.3 MPa and 20.2%,
respectively [6]. Hui Zhang et al., utilizing damage mechanics theory, constructed a rock
damage model under temperature–load coupling, showing that the damage in salt rock
escalates with higher temperatures but lessens under higher confining pressure [7]. Chao
Wei introduced a thermal damage variable, damage modification coefficients, microfracture
compaction coefficients, damage cracking stress, and strain parameters to construct a rock
statistical damage constitutive model, based on the Hoek–Brown (H-B) strength criterion
with temperature effects [8]. Tianbin Li et al. applied Weibull parameters to create a rock
damage statistical constitutive model based on the Drucker–Prager criterion, defining
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damage variable [9]. Baoxin Jia et al., utilizing effective stress theory and a segmented
function based on the Weibull distribution, developed constitutive models for rock under
uniaxial and triaxial compression at high temperatures, achieving close alignment between
theoretical outcomes and laboratory curves [10].

Many researchers have delved into the water–rock interaction mechanisms during
immersion, primarily focusing on microchemical actions at the water–rock interface. The
rock softens as ions in solution interact with the rock’s surface, a phenomenon termed
ion adsorption [11]. At the microscopic scale, ion adsorption at the water–rock interface
primarily manifests in the retention of ions by clay minerals. According to the surface
complexation adsorption theory, the surface of soft rock can be considered a polyacid, where
hydroxyl groups can release protons and become basic, while cations are viewed as acids,
making them prone to surface complexation adsorption at the water–rock interface [12].
Due to the negative charge on the surface of clay minerals, cations are adsorbed at the
water–rock interface through Coulombic forces, forming a surface double-layer structure.
At the microscopic level, cations enter the hexagonal pores on the siloxane surface and
form covalent bonds with the oxygen in Si-O tetrahedra. Through this ion adsorption
process, cations from the aqueous solution accumulate at the water–rock interface, awaiting
ion exchange with the clay minerals in the rock. Researchers such as Cuiying Zhou et al.
observed that cations in soaking solutions initially adsorb onto rock surfaces, causing
an initial drop in concentration, and then form water-soluble compounds that dissolve,
increasing the cation concentration again, followed by another adsorption phase, with Na+

changes being particularly notable [13,14]. Yanwei Song et al. analyzed the additional
electrical properties and ion adsorption at the soft rock–water interface based on bilayer,
ion migration, and nonlinear dynamics theories, but did not quantify interfacial charge
and ion adsorption [15–19]. L.P. Qiao et al. investigated the composition, surface charge,
and ion exchange of soft rock clay minerals at the water–rock interface using PHREEQ
simulations, incorporating mass and charge conservation [20–24]. This study provides
valuable insights into the interfacial processes of soft rock.

Despite extensive research into the rock mechanics and water–rock interface chemical
interactions during immersion, studies on solution variation primarily consider pH and
immersion duration, with limited exploration of water temperature’s effects on the chem-
ical behavior and rock mechanics at the water–rock interface. This study addressed this
gap by examining the uniaxial mechanical characteristics of argillaceous siltstone under
different water temperatures, deriving a damage constitutive model using the Weibull
statistical distribution and strain equivalence principles. By validating the model with
experimental data, this work highlights changes in water–rock interface chemistry across
varying temperatures, contributing to a deeper understanding of soft rock behavior under
diverse geological conditions and providing a scientific basis for the safe and effective
management of underground engineering projects.

2. Experimental Design
2.1. Preparation of Rock Samples

In this study, argillaceous siltstone was selected as the test material, The weathering
degree was classified as medium to slightly weathered, and the core consisted of a mixture
of fine-grained sand and clayey silt, X-ray diffraction (XRD) analysis was performed to
determine the basic physical parameters and mineral composition of the argillaceous
siltstone, as summarized in Table 1. To minimize the variability in the experimental
results caused by the heterogeneity of the individual rock samples and to enhance the
comparability of the tests, all the rock blocks used in the experiments were extracted from
the same geological layer and location within a large, intact rock mass. This careful selection
process ensured consistency in the material properties across all the samples.
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Table 1. Basic parameters of argillaceous siltstone.

Elastic
Moduli E

(GPa)

Density ρ
(g/cm3) Quartz (%) Albite (%) Calcite (%) Potash

Feldspar (%)
Anorthite

(%)
Clay

Minerals (%)

6.51 2.21 42.1 7.5 7.2 15.2 10.4 17.7

The primary minerals of this type of rock are quartz and feldspar, characterized by a
brown color and argillaceous-calcite cementation. Using an automatic coring machine, an
automatic rock cutting machine, and a double-sided grinding machine, the borehole cores
are processed into standard cylindrical specimens (Φ50 mm × 100 mm) through coring,
cutting, coarse grinding, and fine grinding. The flatness error of the specimen end faces is
no greater than 0.05 mm, and the height, diameter, or side length error of the specimen is
no greater than 0.3 mm, as shown in Figure 2.
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2.2. Experimental Scheme

(1) Soaking Test: To simulate shallow groundwater quality, dilute hydrochloric acid
with a pH value of 5.0 was used as the acidic solution. Plastic bottles were utilized as
individual containers, each with the same solution volume, and only one rock sample per
bottle. The temperature test chamber used was a DW-40 low-temperature test chamber,
capable of adjusting temperatures within the range of −55 ◦C to 80 ◦C. Based on the
geological environment of the area, the test chamber was set to water temperatures of 5 ◦C,
15 ◦C, 25 ◦C, and 35 ◦C. The plastic bottles containing the rock samples were placed in the
low-temperature test chamber and soaked for durations of 1 day, 3 days, 7 days, and 14 days.
Before testing, the specimens were dried in an oven at 105 ◦C for 12 h and subsequently
oven-dried at 105 ◦C for 24 h post-immersion; this was defined as one immersion cycle.

(2) Uniaxial Compression Test: After soaking, uniaxial compression tests were con-
ducted, The instrument used for the uniaxial tests was an electronic universal testing
machine (electronic universal testing machine, Shenzhen Sanyuan Zongheng Technology
Co., Ltd, Shenzhen, China), with a maximum vertical load capacity of 300 kN. The load
measurement error was within ±0.5%, the load resolution was 1/450,000, the displacement
measurement error was within ±0.5%, and the displacement resolution was 0.04 µm. The
uniaxial compression tests employed a displacement-controlled loading method, with a
loading rate set at 0.05 mm/min. Vertical load was applied until the specimen failed, and
photographs of the damaged rock were taken.

(3) Microscopic Test: After soaking, the concentrations of Na+, K+, and Ca2+ ions in
the solution were measured using an ion concentration meter, model PXSJ-270F (PXSJ-270F
Ion Meter, INESA Scientific Instrument Co., Ltd., Shanghai, China). The ion concentration
measurements were accurate to ±0.0001. (The experimental setup is illustrated in Figure 3.)
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3. Experimental Results and Analysis
Mechanical Properties of Argillaceous Siltstone Under Different Water Temperatures

Figure 4 presents the trends in the peak strength and elastic modulus of argillaceous
siltstone as a function of water temperature, highlighting distinctive concave curves that
clearly illustrate the relationships between temperature and these mechanical properties.
As the water temperature increases, both the peak strength and elastic modulus initially de-
crease, followed by a subsequent increase. Notably, under extreme temperature conditions,
specifically at 5 and 35 ◦C, the peak strength and elastic modulus are significantly higher
than at intermediate temperatures of 15 and 25 ◦C. Additionally, with an extended soaking
duration, the temperature’s effect on the peak strength and elastic modulus becomes less
pronounced. During the initial soaking period (1–3 days), the impact of water tempera-
ture on the peak strength and elastic modulus of argillaceous siltstone is very significant.
However, as the soaking duration increases, the influence of water temperature on the peak
strength and elastic modulus of argillaceous siltstone diminishes.

To investigate the mechanical properties of argillaceous siltstone under varying water
temperatures, stress–strain curves were generated after immersion in solutions at different
temperatures for 1, 3, 7, and 14 days, as shown in Figure 5. These stress–strain curves
not only reveal the deformation characteristics of the rock but also provide foundational
data for studying its mechanical properties and establishing its constitutive relationship,
particularly characteristics beyond peak compressive strength.

In the early stages of immersion (1–3 days), the stress–strain curve displays four dis-
tinct phases: the microcrack compaction phase, elastic deformation phase, plastic yielding
phase, and strain-softening phase. During this period, the increase in internal microcracks
due to hydration is especially pronounced, highlighting a plastic yielding phase that is ab-
sent under natural conditions. Here, the influence of water temperature on the stress–strain
curve remains negligible.
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As shown in Figure 5, After 3 days of immersion, specimens soaked at 15 and 25 ◦C
began to exhibit complete five-stage stress–strain curve with increasingly distinct plastic
characteristics. This effect intensified with extended immersion time, as hydration and
ion exchange between the mineral components and water, along with the adsorption and
dissolution of certain minerals, lead to continuous “secondary porosity” formation within
the siltstone. Furthermore, in the yielding phase, the increased immersion duration and
reduced strength facilitate the micro-rearrangement and slippage of particles under stress,
resulting in more rapid propagation of internal cracks compared to the early stages of
immersion. This produces a more pronounced extension of the compaction and plastic
yielding phases.

The process of microcrack initiation, propagation, and coalescence into macroscopic
fractures is the reason for the progressive damage and eventual instability failure of rock
specimens. The types of microcracks and macroscopic fractures help reveal the mechanical
mechanisms of rock specimen instability and failure under different water temperatures.
Based on the failure mechanism, macroscopic fracture types in rocks can be categorized into
tensile cracks and shear cracks. Tensile cracks initiate and propagate from the crack tips,
extending linearly toward both ends of the rock specimen. If this process continues along an
inclined curve, it forms shear cracks. To understand the failure characteristics of argillaceous
siltstone in different water temperature solutions, a failure characteristic analysis was
conducted on the specimens after failure. As shown in Figure 6, argillaceous siltstone
subjected to different water temperatures under uniaxial compression produced more than
one obvious failure crack, and the failure surfaces were rough. At water temperatures
of 5 ◦C and 35 ◦C, the failure mode of argillaceous siltstone was mainly tensile failure,
with tensile cracks generated under axial stress that did not penetrate the entire specimen,
maintaining a relatively intact state. At water temperatures of 15 ◦C and 25 ◦C, the failure
mode was primarily “X”-shaped shear failure, with a significant increase in the number of
tensile cracks accompanied by the appearance of shear cracks. The tensile cracks initiated
and propagated from the crack tips, extending linearly towards both ends of the rock
specimen. Eventually, the cracks interconnected, causing severe local damage or even
spalling of the rock mass, resulting in a relatively fragmented state of the specimen.
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In the analysis of rock microstructures, scanning electron microscopy (SEM) plays
a crucial role. SEM can reveal the fine structural characteristics of rocks, thereby aiding
in the understanding of their mechanical mechanisms. To investigate the microstructural
characteristics of argillaceous siltstone under different water temperatures, a field emission
scanning electron microscope was used for an in-depth study. The SEM can perform
imaging analysis on samples at a magnification of 4000 times. As shown in Figure 7a,
after soaking for 3 days, changes in water temperature significantly affect the strength of
argillaceous siltstone. Therefore, argillaceous siltstone samples soaked for 3 days under
different water temperature conditions were selected for SEM imaging, and the results are
shown in Figure 7.
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Figure 5a–d show the microstructures of argillaceous siltstone under water tempera-
tures of 5 ◦C, 15 ◦C, 25 ◦C, and 35 ◦C, respectively. At 5 ◦C, parts of the quartz structure
have been damaged, and a small amount of flocculent bodies and fine particles appear.
These flocculent bodies typically manifest as micron- to millimeter-sized aggregates. As
the temperature increases to 15 ◦C, the degree of damage to the quartz structure further
intensifies, forming a large number of flocculent bodies, most of which have been damaged
and form corrosion grooves. At 25 ◦C, the quartz structure shows signs of fracturing,
the number of flocculent bodies decreases, and the corrosion grooves become shallower
and narrower. At 35 ◦C, the quartz structure is relatively intact, the flocculent bodies
significantly decrease, and their structure shows no evident signs of damage. Due to the
significant changes in the internal structure of argillaceous siltstone under different water
temperatures, the impact of water temperature on the strength and elastic modulus of
argillaceous siltstone becomes very pronounced.

4. Development of a Damage Constitutive Model for Argillaceous Siltstone
4.1. Analysis of the Damage Process

The damage observed in argillaceous siltstone under varying water temperatures
mainly arises from chemical interactions between H+ ions in the solution and the rock’s
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mineral components. The precipitation of new products from these reactions disrupts the
rock’s internal structure, leading to a noticeable reduction in load-bearing capacity and a
decline in elastic modulus on a macroscopic scale.

In the field of damage mechanics, it is commonly assumed that the material is isotropic.
According to Lemaitre’s strain equivalence hypothesis, the material’s damage can be de-
fined by its effective load-bearing area. Therefore, a micro-element analysis of the argilla-
ceous siltstone at different stages was performed. Let us assume that the micro-element
area and nominal stress in the undamaged state are A and σ1, respectively. After cyclic
temperature exposure, the effective area and stress become A1 and σ1

*, while following ad-
ditional damage from loading under the influence of water temperature, they are denoted
as A2 and σ1 (see Figure 8).
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Figure 8a depicts the microelement stress state of argillaceous siltstone subjected to
water temperature before reaching yield stress. The blank area (A−A1) represents the
chemical interaction between H+ ions in the solution and the mineral components of the
rock, indicating the damage caused by water temperature to the argillaceous siltstone. At
this point, the blank area signifies the elastic modulus damage D1 and no longer bears the
load. Figure 8b shows the stress state of the microelement after reaching yield stress under
the influence of water temperature. It is assumed that the load is applied to the effective
area A1. After reaching the yield point, new cracks initiate within the argillaceous siltstone,
gradually extending and eventually forming a fracture surface. At this stage, the area of
the blank region (A1−A2) indicates the subsequent load-induced damage D12.

By conducting a force analysis on the infinitesimal element in Figure 6a, we can obtain:

σ1 A = σ∗
1 A1 (1)

The damage variable D1 for argillaceous siltstone under the effect of water temperature
can be obtained as:

D1 = 1 − A1

A
(2)

The constitutive relationship for damage at this point is:

σ1 = σ∗
1 (1 − D1) (3)

By conducting a force analysis on the infinitesimal element in Figure 5b, we can obtain:

σ∗
1 A1 = σ∗

2 A2 (4)
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The subsequent damage caused by the load after experiencing water temperature
action is denoted as D2, and A3 = A1 − A2; then, we obtain:

D2 = 1 − A2

A1
(5)

σ∗
1 = σ∗

2 (1 − D2) (6)

The total damage ontological model of argillaceous siltstone at this time can be ob-
tained by combining Equations (3) and (6) as:

σ1 = σ∗
2 (1 − D12) (7)

σ1 = σ∗
2 (1 − D1)(1 − D2) (8)

The total damage variable D12 for argillaceous siltstone under water temperature
loading is as follows:

D12 =
A2

A
= D1 + D2 − D1D2 (9)

A2

A
= 1 − (1 − D1)(1 − D2) (10)

According to the generalized Hooke’s law,

σ∗
2 = E0ε1 + µ(σ2 + σ3) (11)

Upon substituting Equation (11) into Equation (6) and taking σ2 = σ3, we obtain:

σ1 = (E0ε1 + 2µσ3)(1 − D12) (12)

Equation (11) is the total damage ontological model for argillaceous siltstone under
water temperature loading.

4.2. Determination of Damage Variable

The effect of water temperature compromises the internal structure of argillaceous
siltstone, which is macroscopically reflected as decreases in peak stress, elastic modulus,
and related parameters. The elastic modulus, as a representation of the rock’s deformation
capacity, more effectively captures the extent of damage in argillaceous siltstone. Conse-
quently, the damage variable D1 induced by water temperature can be defined using the
elastic modulus as follows:

D1 = 1 − Ei
E0

, (i = 1, 2, 3 . . . ) (13)

In this formulation, Ei represents the elastic modulus of argillaceous siltstone after
exposure to different water temperatures, while E0 indicates the elastic modulus in its
original state.

From the perspectives of statistical damage mechanics and continuum mechanics,
rock damage is viewed as a continuous process, with the microelemental damage of rocks
following a statistical distribution. Current research frequently models this microelemental
damage using a Weibull distribution. Cao et al. suggest that, under external loads, damage
only initiates when these loads reach a specific threshold, a stress–strain state known as the
damage threshold [25]. This threshold is further proposed to generally correspond to the
yield point. Assuming that the damage to argillaceous siltstone under external loading is
a function of axial strain ε1, with a load damage threshold ε1d, a three-parameter Weibull
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distribution is utilized to define the density function for damage beyond the threshold
under external load [26]:

ϕ(ε) =
m
λ
(

ε1 − ε1d
λ

)m−1exp[−(
ε1 − ε1d

λ
)m] (ε1 ≥ ε1d) (14)

In this expression, m and λ denote the shape and scale parameters of the Weibull dis-
tribution for the microelements of argillaceous siltstone, respectively. Here, m characterizes
the heterogeneity of the material, while λ reflects the rock’s plasticity characteristics to
some extent. The axial strain ε1d corresponds to the yield point. By integrating this density
function, the load-induced damage variable can be obtained.

The expression for D2 as a function of axial strain ε1 is as follows:

D2 =

{
0 ε1 < ε1d

1 − exp
[
−
(

ε1−εld
λ )m

]
ε1 > ε1d

(15)

The damage of argillaceous siltstone under the combined effects of water temperature
and external load is not simply an additive process; rather, it results from a coupling effect.
By substituting Equations (13) and (15) into Equation (10), the expression for the total
damage variable D2 of argillaceous siltstone is obtained.

D12 =

{
1 − Ei

E0
ε1 < ε1d

1 − Ei
E0

exp
[
−
(

ε1−ε1d
λ )m

]
ε1 > ε1d

(16)

4.3. Constitutive Correction

For Equation (12), when the stress state of the clayey siltstone microelement is at
a relatively low stress level, the relationship between σ1 and ε1 is linear. This linearity
does not align with the initial compressibility phase observed in the stress–strain curve of
clayey siltstone obtained from experiments. Therefore, it is necessary to revise the derived
constitutive model. Li Xiulei et al. proposed that the total axial void strain of the rock is
equal to the intercept of the fitted curve in the elastic deformation phase on the horizontal
axis (strain axis) [27]. Additionally, an exponential relationship exists:

εlg =
c
b
(1 − e−aε1) (17)

In the expression, ε1g represents the total axial void strain, defined as c/b; ε1 denotes
the axial strain; and c and b are fitting parameters in the elastic deformation phase of
the rock’s fitting formula. The coefficient a can be determined by fitting the experimental
data to this equation (ε1 − (σ1 − 2µσ3)/Ei = εlg(1 − e−aε1)). Consequently, the revision of
Equation (12) can be expressed as follows:

σ1 =
(

E0

(
ε1 − εlg(1 − exp(−aε1))

)
+ 2µσ3

)
(1 − D1)(1 − D2) (18)

By substituting Equations (16) and (17) into Equation (18), we obtain the expression
for the triaxial compressive damage constitutive model of the argillaceous siltstone. This
model captures the intricate interactions between stress, strain, and damage evolution in the
material under various loading conditions, allowing for a comprehensive understanding of
its mechanical behavior during triaxial compression tests.

When ε1 < ε1d,

σ1 = (E0(ε1 − ε1g(1 − exp(−aε1))) + 2µσ3) ∗
Ei
E0

(19)
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When ε1 ≥ ε1d,

σ1 =
(

E0

(
ε1 − εlg

)
+ 2µσ3

)
× Ei

E0
× exp[−(

ε1 − εld
λ

)m] (20)

This experiment is a uniaxial compression test; therefore, σ3 = 0.

4.4. Determination of Distribution Parameters

There are generally two methods for determining distribution parameters: the linear
fitting method and the peak value method [28,29]. The peak value method derives parame-
ter expressions by solving geometric control equations, offering clear physical significance.
Therefore, the peak value method was selected for parameter determination. At the peak
stress point on the stress–strain curve, two geometric control equations are satisfied:{

σ1|ε1=εp = σp
∂σ1
∂ε1

|ε1=εp = 0
(21)

By substituting Equation (4), the expressions for the distribution parameters can
be derived, with the parameter values determined according to the methods specified
previously.

m =
Ei
(
εp − εld

)
(Ei(εp − εlg) + 2µσ3

Ei
E0

− σr) ∗ ln(
Ei(εp−εlg)+2µσ3

Ei
E0

−σr

σp−σr
)

(22)

λ = (εp − εld) ∗ [ln(
Et(εp − εlg) + 2µσ3

Ei
E0

− σr

σp − σr
)]−

1
m (23)

Here, σr represents the post-failure strength.

5. Model Validation and Variation in Damage Variable
5.1. Model Validation

To validate the damage constitutive model of argillaceous siltstone under cyclic hy-
drothermal conditions proposed in this study, experimental data were substituted into
Equations (22) and (23). The void strain coefficient a was fitted and solved, resulting in all
the parameters of the constitutive equation, as shown in Table 2.

Table 2. Constitutive model parameters.

Water Temperature
(◦C) εlg (%) εld (%) a m λ

Soaking Duration
(d)

5 0.0600 0.48 8.26 3.24 0.26

1
15 0.0460 0.67 7.12 2.79 0.27
25 0.0370 0.76 9.72 2.95 0.25
35 0.0018 0.76 6.34 3.32 0.23
5 0.1200 0.80 5.83 2.72 0.29

3
15 0.0035 0.48 7.29 2.34 0.31
25 0.0400 0.61 5.34 2.52 0.33
35 0.0027 0.67 6.56 3.03 0.28
5 0.0110 0.50 5.98 2.36 0.34

7
15 0.2600 0.84 2.03 2.04 0.44
25 0.1100 0.62 3.16 1.84 0.41
35 0.0180 0.55 6.57 2.48 0.31
5 0.0430 0.68 10.53 2.02 0.36

14
15 0.1500 0.72 6.99 1.44 0.52
25 0.1300 0.81 4.65 1.64 0.48
35 0.0047 0.34 10.31 2.23 0.40
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By substituting the constitutive model parameters obtained into Equations (19) and
(20), the theoretical stress–strain curve for argillaceous siltstone under different water
temperature effects can be derived, as shown in Figure 9. It can be observed that the
theoretical curves of the constitutive model align closely with the experimental curves,
accurately reflecting the deformation characteristics of argillaceous siltstone.
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5.2. Evolution Law of Parameters m and λ in Damage Variable Under the Action of Different
Water Temperatures

The parameter λ lambda represents the scale parameter in the Weibull distribution
function, which determines the scale or range of the distribution. In a physical sense, it
can, to some extent, reflect the plastic characteristics of the rock. The shape parameter mm
indicates the degree of material homogeneity, where a higher m value suggests greater
homogeneity in the mechanical properties of the rock, while a lower m value indicates
lesser homogeneity [30]. As shown in Figure 10, When the water temperature is between
5 ◦C and 15 ◦C, the shape parameter m decreases with rising water temperature, leading
to a decrease in strength. Conversely, between 15 ◦C and 35 ◦C, the shape parameter m
increases with rising water temperature, resulting in an increase in strength. The trend of
the scale parameter λ with increasing water temperature is opposite to that of the shape
parameter m. When the water temperature is near room temperature (15–25 ◦C), the scale
parameter λ increases, indicating that the plastic characteristics of argillaceous siltstone
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become more pronounced. Between 5 ◦C and 15 ◦C, as the water temperature rises, the
scale parameter λ increases. However, between 15 ◦C and 35 ◦C, as the water temperature
rises, the scale parameter λ decreases, indicating a reduction in the plastic characteristics of
argillaceous siltstone.
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To investigate the variations of damage variables D12 under the coupled action of
water temperature and peak stress, and D3 under the action of peak stress (where D3 is the
difference between the total damage variable D12 under the action of water temperature
and peak load and the elastic modulus damage variable D1 under the action of water
temperature) for argillaceous siltstone soaked at different water temperatures, a graph
of the relationships between elastic modulus damage variable D1, damage variable D12,
and damage variable D3 with water temperature was plotted, as shown in Figure 11. In
the early stage of soaking (1–3 days), changes in water temperature have little effect on
damage variable D1, which generally shows an initial increase followed by a decrease with
increasing water temperature. This change becomes more pronounced with prolonged
soaking. For damage variable D12, the trend is generally consistent with that of D1; how-
ever, the magnitude of change is inversely proportional as soaking time increases. In the
early soaking stage (1–3 days), water temperature significantly affects D12, but this effect
diminishes with longer soaking times. This phenomenon can be attributed to the significant
changes in the internal structure of argillaceous siltstone with prolonged soaking and vary-
ing water temperatures. Under loading, the internal pores of the argillaceous siltstone are
compressed, leading to increased densification. However, the degree of softening caused
by different water temperatures varies, particularly in the early soaking stage (1–3 days),
resulting in the observed effects.

The damage variable D3 indicates the degree of deterioration of argillaceous siltstone
after soaking; a smaller D3 value signifies greater damage. As illustrated in Figure 11, the
D3 value decreases progressively with increased soaking time, indicating that the damage
to argillaceous siltstone intensifies as soaking time extends.

During the soaking process at different water temperatures, chemical reactions be-
tween the minerals in argillaceous siltstone and water lead to changes in cations (such
as Na+ and Ca2+). These reactions involve the hydrolysis of minerals with water. Addi-
tionally, during hydration, the minerals in argillaceous siltstone absorb water, swell, and
adsorb various ions. The release and migration of these ions reduce the rock’s cohesion
and shear strength, leading to a decline in the overall mechanical properties of the soft
rock, which makes it more prone to softening and even disintegration. To gain a deeper
understanding of the mechanisms of water–rock microchemical interactions influenced
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by water temperature, it is essential to investigate the changes in cation concentrations in
argillaceous siltstone during soaking at different water temperatures.
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6. Study on the Mechanism of Microscopic Chemical Interactions at Different
Water Temperatures
Variation in Cation Concentrations in Solution Under Different Water Temperatures

Existing studies have indicated that water–rock chemical interactions primarily mani-
fest as chemical reactions and ion adsorption, as shown in Figure 12 [9,10].
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To investigate the variations in cation concentrations during the immersion of argilla-
ceous siltstone in different solutions, the concentration change curves for cations were
plotted, as shown in Figure 13.
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(1) Overall, the concentrations of Na+, K+, and Ca2+ in the solution exhibit similar
trends in relation to water temperature; as the temperature rises, their concentrations
initially increase and then decrease. Notably, the concentration curve for Na+ shows
minimal variation as the duration of immersion increases.

(2) During the initial immersion period (1–3 days), there is a significant increase in the
total concentration of cations in the solution, indicating a strong chemical interaction be-
tween water and rock. After 3 days of immersion, the increase in total cation concentration
begins to slow down, suggesting a weakening of the chemical interaction.

(3) As the water temperature increases, the overall trend of total cation concentration
first increases and then decreases. In low-temperature solutions (5–15 ◦C), there is a
significant rise in total cation concentration, reaching a peak at 15 ◦C. In medium to
high temperatures (15–35 ◦C), there is a notable decline. This is primarily due to the
combined effects of hydrolysis and adsorption interactions at the water–rock interface. In
low-temperature solutions (5–15 ◦C), adsorption is the dominant process. As the water
temperature rises, cations adsorbed on the rock surface gradually detach, leading to an
increase in the total cation concentration in the solution. However, in medium to high
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temperatures (15–35 ◦C), exchange processes become dominant. As the water temperature
continues to rise, the hydrolysis reactions between water and rock decrease, resulting in a
decrease in the total cation concentration in the solution.

7. Conclusions

This study focused on argillaceous siltstone, conducting uniaxial failure tests and
microscopic chemical experiments under varying water temperatures. The research in-
vestigated the damage to argillaceous siltstone and changes in cation concentration in the
solution at different water temperatures. Based on these findings, a damage constitutive
model for argillaceous siltstone under varying water temperatures was established, and
the evolution of its damage variable was analyzed. The results obtained are as follows:

(1) With increasing water temperature, the peak strength and elastic modulus of
argillaceous siltstone exhibit a “concave” trend, initially decreasing and then increasing,
while the cation concentration in the solution shows a “convex” trend, first rising and then
falling. The flocculent structures within the mesoscopic interior of the argillaceous siltstone
initially increase and then decrease. Integrating both microscopic and mesoscopic studies,
it is evident that the chemical interactions between water and rock are highly significant
under water temperatures ranging from 5 ◦C to 25 ◦C, while these interactions gradually
weaken at temperatures between 25 ◦C and 35 ◦C.

(2) Based on the constructed temperature–stress coupling damage variable, and taking
into account factors such as the initial compaction stage and damage threshold, a uniaxial
compression damage constitutive model for argillaceous siltstone under different water
temperatures was established. The Weibull parameters within this model partially reflect
the strength and plasticity characteristics of argillaceous siltstone, and the theoretical results
are largely consistent with laboratory findings.

(3) With the increase in water temperature, the variation trends of damage variables
D1 and D12 are generally consistent. Overall, damage variable D1 first increases and then
decreases with the rise in water temperature. In the initial soaking period (1–3 days),
the impact of water temperature on damage variable D1 is not significant. However, as
the soaking duration increases, this effect becomes more pronounced. Conversely, the
variation of damage variable D12 is opposite to that of D1. Damage variable D3 indicates
the degree of degradation of argillaceous siltstone after soaking. As the soaking duration
increases, damage variable D3 gradually decreases, indicating that the extent of degradation
in argillaceous siltstone increases with longer soaking times.

These findings have important implications for practical engineering applications,
such as tunnel excavation and underground storage construction. By understanding the
effect of temperature on the mechanical properties of argillaceous siltstone, engineering
design and risk assessment can be better conducted.

This research has achieved excellent results, but there are still the following shortcomings:
In the stress–strain curves, when the argillaceous siltstone undergoes the failure stage,

the change in its curve is not very ideal, resulting in poor fitting in the failure stage. In
the future, the constitutive model can be improved by adding new parameters to achieve
better fitting.

This paper only analyzes the effects of different water temperatures on argillaceous
siltstone. In the future, the effects of different water temperatures on clay-rich rocks can
be analyzed.
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