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Abstract: The utilization of artificial ground-freezing techniques is increasingly prevalent in the con-
struction of water-diversion tunnels. The inadequate mechanical properties of weakly consolidated
mudstone (WCM) pose significant challenges for tunneling construction. In this study, a series of
triaxial shear tests were conducted on frozen specimens of WCM to elucidate its shear strength char-
acteristics. The experiment involved four freezing temperatures (0, —5, —10, and —20 °C) and four
confining pressures (1, 2, 3, and 4 MPa). The results indicate that the shear failure mode of the WCM
exhibits distinct shear zone failure characteristics under artificial freezing conditions, particularly
prominent in the lower temperature environments. As the freezing temperature gradually decreases,
there is a substantial increase of over 200% in the shear strength of frozen specimens, accompanied
by a corresponding decrease in yield strain. Furthermore, the cohesion and internal friction angle
of frozen WCM increase as the freezing temperature decreases, following a complex exponential
function relationship rather than a linear one. As the freezing temperature decreases from 0 °C
to —20 °C, there is an increase in cohesion and internal friction angle from 1012 kPa to 1425 kPa,
accompanied by a rise in the internal friction angle from 43.2° to 58.1°. Notably, the application of
confining pressure exerts a pronounced influence on the shear strength of frozen WCM, with elevated
levels of confining pressure resulting in a substantial augmentation of the shear strength. The failure
mode of frozen WCM is significantly influenced by freezing temperatures. At low temperatures, the
specimen of mudstone exhibits a shear failure behavior, while at high temperatures, it predominantly
demonstrates expansion failure. This phenomenon can be attributed to the increased brittleness
of specimens caused by ice crystals, rendering it more susceptible to brittle failure under shearing
forces. These findings signify an enhancement in the mechanical behavior of WCM within the tunnel
sidewall under artificial freezing conditions.

Keywords: weakly consolidated mudstone; artificial ground freezing; triaxial shear test; shear
strength; water-diversion tunnel

1. Introduction

With the rapid advancement of China’s economy and society, there has been a surge
in the development of water conservancy, transportation, and other infrastructures [1,2]. In
recent years, with the continuous implementation of the strategy for hydropower energy
development in China, there has been a gradual increase in the construction of hydropower
stations and water-diversion projects under poor geological conditions [3]. Inevitably,
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the construction of water-diversion tunnels is occurring frequently under unfavorable
geological conditions, leading to substantial engineering hazards and risks [4,5]. Among
these challenges, fault fracture zones represent the most prevalent adverse geological
phenomenon. As a result, during tunnel construction, engineering accidents such as
collapse, water outbursts, and mud outbursts are prone to occur, resulting in significant
losses for construction efforts [6].

The artificial ground-freezing (AGF) method involves artificially freezing the weak
rock and soil to achieve a solid state, thereby altering the physical and mechanical proper-
ties [7]. This technology has a broad range of applications in the fields of civil engineer-
ing, water conservancy, and mining engineering, particularly in addressing construction
challenges under unique geological conditions such as groundwater and fault fracture
zones [8,9]. Refrigeration equipment, such as liquid nitrogen or refrigerant, is employed
in AGF construction to lower the temperature of the earth, resulting in the solidification
of water and the formation of a frozen wall [10]. As the temperature decreases in this
process, the water undergoes a phase transition from liquid to solid, resulting in substan-
tial alterations in the physical and mechanical characteristics of the geomaterials [11]. In
real engineering, the AGF method can be utilized for foundation-pit excavation, levee
reinforcement, and water conveyance tunnel excavation to enhance project stability and
safety [12-15]. Artificial frozen geomaterials are commonly utilized in laboratory settings
to conduct experimental research aimed at investigating their physical and mechanical
properties, as well as their potential applications in engineering.

The water-diversion tunnel, as a common structure in hydroelectric engineering, may
face challenges during construction due to poor geological conditions [16]. Weakly consoli-
dated mudstone (WCM), as a special rock material in tunnel sidewall, exhibits complex
mechanical properties and components with a changeable structure that is significantly
influenced by temperature shifts [17]. WCM is a discontinuous medium with a complex
formation process, a high clay mineral content, a low strength, a strong plasticity, and
susceptibility to environmental influences [18,19]. It exhibits weak structural surfaces
including primary fractures, joints, and fissures [20]. Artificial freezing is a highly effective
technique for treating mudstone, particularly in the context of tunnel construction [21].
Under freezing conditions, pore water within the geomaterials can freeze and form ice
crystals, which increases cementation and friction between rock grains, thereby improving
its shear strength [22,23]. Therefore, the mechanical properties of the surrounding rocks
within the tunnel sidewall enhance under short-term freezing conditions [24]. However,
this enhanced brittleness makes the surrounding rock more susceptible to brittle failure
when disturbed by external forces leading to obvious shear planes and cracks. The applica-
tion of the AGF method in the formation of friable rocks is challenging [25-27]. Currently,
there is limited research on the mechanical behavior of WCM within tunnel sidewalls
under freezing conditions, especially regarding changes in shear strength under different
temperatures and confining pressures, thus necessitating further investigation.

Under low temperatures, the thermal and mechanical characteristics of the surround-
ing rocks within the tunnel sidewall are susceptible to fluctuations in temperature, resulting
in heightened fragility and strength levels [28]. Consequently, this renders the structure
more vulnerable to instability under external loads or disturbances, despite its increased
compressive strength [29]. The research indicates that the alteration of freezing temperature
not only impacts the shear strength of mudstone, but also modifies its failure mode. For
instance, in frozen conditions, there is a significant increase in the number of fracture cracks
of mudstone, leading to an overall deterioration in stability [30]. These alterations pose
greater demands on tunnel design and safety assessment, particularly under poor geologi-
cal conditions where the influence of freezing on the stability of surrounding rock must be
carefully considered [31]. Therefore, it is crucial to investigate the strength and stability of
WCM under freezing action for ensuring the safe construction of hydraulic structures.

Currently, there has been some advancement in the investigation of the artificial freez-
ing impact on weakly consolidated rocks. CHRIST et al. [32] conducted a comprehensive
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physical and mechanical investigation to determine the compressive strength and micro-
scopic morphology evolution of frozen soils. The study revealed that low-temperature
freezing can enhance strength properties, while multiple freeze-thaw cycles may have
a detrimental impact on mechanical behavior. PIMENTEL et al. [33] conducted an ex-
perimental study on the effect of initial water content on the physical and mechanical
properties of soft rock and the rule of water migration during an artificial freezing process.
FU et al. [34] conducted an analysis on the variation of physical and mechanical parameters
of completely weathered granite under different freezing conditions and provided a com-
prehensive summary of the shear modes and failure types. AN et al. [35] demonstrated
that the shear strength, internal friction angle, and cohesion of mudstone exhibit a signifi-
cant increase under artificial freezing conditions, resulting in the enhanced stability of the
weathered-granite formation in a low-temperature environment. The thermal conditions
play a crucial role in shaping the microstructure of frozen rocks and soils [36]. The shear
strength and deformation properties exhibit significant variability in response to changes in
cooling temperatures [37]. Although the thermal effect of frozen soil has been understood,
the relationship between shear strength and microstructure under different temperatures
still needs to be further understood. Existing research indicates that an in-depth study of the
mechanical behavior effects of WCM under different cooling temperatures can effectively
improve the safety and economic benefits of engineering construction.

Through a series of well-designed systematic experimental studies, this study investi-
gated the specific effects of various freezing conditions on the shear strength of WCM in
the tunnel sidewall. Based on the results of the mechanical tests under varying temperature
and confining pressure conditions, this study successfully unveiled the evolution of its
shear strength and deeply investigated the internal failure mechanism responsible for such
changes in shear strength. These findings deepened our understanding of the mechanical
behavior of WCM under artificial freezing conditions.

2. Materials and Methods
2.1. Testing Materials

The experimental materials were derived from a hillside in Liaodong City, Liaoning
Provence, northeast China, as depicted in Figure 1. The sampling site belongs to a seasonally
frozen region with a complex topography with elevations as high as 820 m and abundant
rainfall, and where the climate conditions are harsh, with cold winters and short, cool
summers. The terrain is complex, including mountains, valleys, and rivers. In order
to reduce sampling disturbance, a medium core drill is used to automatically collect
natural rock samples in this environment. Figure 2 provides a detailed depiction of the
sampling site environment, showcasing the distinct surface appearance and unique micro-
topography of the mudstone. Geological investigation has confirmed that the sample
originated from the ancient Permian formation, with its appearance displaying a sharp
yellow-to-brown appearance attributed to the abundant iron oxides present, particularly
an extensive presence of hematite. WCM demonstrates moderate strength and favorable
plasticity; however, it is critical to note that their mechanical properties exhibit strong
sensitivity to changes in ambient temperature.

During the sampling process, it was observed that the groundwater level was shallow,
leading to a high natural moisture content of WCM at 23.7%. This characteristic significantly
influenced the engineering properties of the WCM. To gain further insight into the physical
properties of the WCM, comprehensive in-lab physical property tests were conducted and
the results are summarized in Table 1. The data revealed that the relative density of the
weakly consolidated mudstone was 2.73, with a dry density of 1.42 g/cm? and a void ratio of
0.63. The mudstone exhibits a high liquid limit of 52.1%, indicating its significant plasticity
and deformation potential. The main mineral composition included feldspar (19.2%),
quartz (26.5%), kaolinite (25.9%), illite (17.4%), and montmorillonite (9.7%), collectively
contributing to its complex mineralogical characteristics (Figure 3b). To accurately analyze
the particle composition of weakly consolidated mudstone, a comprehensive particle size
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analysis was conducted following the ASTM standard of screening method [38]. The
particle grading curves depicted in Figure 3b provide an intuitive representation of the
grain size distribution within the mudstone. It is evident from these curves that the
mudstone predominantly consists of two distinct ranges of silt and clay particles, thereby

holding significant implications for assessing its engineering performance and potential
mechanical behavior.

(b) Liaoning Provence
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Figure 2. Sampling site, photo, and microstructure of the weakly consolidated mudstone used in this
study: (a) engineering site; (b) appearance of samples; (c) SEM image with 800 x magnification.

Table 1. Physical and chemical properties of the mudstone.

Physical  Dry Density  Relative Moisture Void Liquid Plastic
Property (g/cm®) Density  Content (%) Ratio Limit (%) Limit (%)
Value 1.42 2.73 23.7 0.63 52.1 19.3
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Figure 3. Mineral and grain composition of weakly consolidated mudstone: (a) X-ray diffraction
spectrum and (b) particle size distribution.
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2.2. Sample Preparation

Prior to testing, undisturbed cubic samples of WCM were carefully extracted from
wooden containers and their protective covering was removed. Subsequently, the samples
were precisely divided into cylindrical segments measuring 50 mm in diameter and 100 mm
in height. It is crucial during this process to ensure the accuracy of blade sharpness and
cutting angles in order to maintain the integrity of the specimens. Upon completion of
segmentation, these cylindrical specimens were grinded and polished to achieve a smooth
exterior. Subsequently, the finalized cylindrical specimens (Figure 4a) were stored in a
controlled environment that is dry, cool, and shielded from direct sunlight and abrupt
temperature changes to ensure the accuracy and reliability of the subsequent experimen-
tal results.

(@)

Figure 4. Experimental specimen and device: (a) the tested WCM specimens and (b) GDS triaxial
testing system.

2.3. Triaxial Shear Tests

The experiment utilized the high-pressure frozen soil dynamic and static triaxial
testing system manufactured by the GDS Company (Figure 4b). The test system comprises
a pressure chamber, loading frame, pressure controller, and temperature control system.
Notably, the maximum volume of the pressure chamber is 10 MPa, and the maximum
load of the axial load sensor is 32 kN, meeting the specific requirements of this experiment.
According to the uncertainty requirement of the experiment, several samples were taken
for triaxial shear strength test. The triaxial shear test in this study included two specimens
in each testing group. The surface of the specimen was smooth and free from cracks. This
step reduced internal stress and potential damage to the specimen, ensuring more accurate
results in subsequent experiments. The specimens were exposed to ambient freezing
conditions that did not affect their moisture content before testing. The experiment was
conducted in consolidated undrained shear mode with four different consolidated confining
pressures set under varying freezing conditions. Upon reaching the target temperature, each
specimen was allowed to freeze completely and reach thermal equilibrium for 24 h before
undergoing shear testing to prevent any warming or temperature fluctuations. Precise
control of the loading rate was crucial. The appropriate loading rate is determined through
preliminary experimentation. Computerized data collection automatically recorded stress
and strain test results along with documenting failure modes when reaching peak stress
levels and stabilizing after loading cessation.

To minimize the impact of temperature variations on experimental outcomes, it was
essential to maintain temperature fluctuations within +0.2 °C. Before proceeding with
the formal experiment, the specimen was placed in a low-temperature environment for
pre-cooling treatment. The pre-cooling treatment duration was meticulously extended to
guarantee uniform internal specimen temperature distribution. This controlled cooling
rate is vital to avoid creating excessive temperature gradients within the specimen, thereby
achieving a uniform freezing process. In triaxial shear experiments, thermal insulation is
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utilized to wrap the experimental equipment, providing an extra layer of protection against
temperature fluctuations. By meticulously following these steps, the impact of temperature
fluctuations on the results of mechanical experiments can be significantly minimized.

3. Results
3.1. Failured Mode and Stress—Strain Curves

Figure 5 illustrates an instance of shear failure patterns observed in frozen specimens of
WCM during triaxial shear testing. Under low confining pressures, the specimens exhibited
minimal visible fracturing upon failure; however, there were notable alterations in its
internal structure, accompanied by localized yielding and flow phenomena. Additionally,
the frozen WCM specimens demonstrated dilatancy effects during failure. Under high
confining pressures, the specimens exhibited distinct shear zone failure, resulting in the
formation of prominent shear planes or cracks that traversed the entire sample along
the direction of shearing, while maintaining intact ends. The rock sample was moving
within the shear zone at a 45° angle relative to the axial direction, indicating significant
deformation and major cracks within the WCM. The specimen displayed bending or
folding along the axial surface, with evident sliding marks within the shear zone and
shear shrinkage properties. As the freezing temperature dropped, the brittleness response
characteristics of the WCM specimens became increasingly pronounced. Furthermore, the
dilatancy phenomenon also intensified when the specimens were damaged, resulting in
a relatively flat rupture surface. This phenomenon is partly attributed to the substantial
increase in specimen hardness during the artificial freezing process, which effectively
restricts the surface bending of the sample under ultimate stress. Summarily, the failure
characteristics of specimens during triaxial shear tests are closely correlated with the
physical and mechanical properties of WCM. These failure characteristics serve as a crucial
basis for comprehending the mechanical behavior and failure mechanism. In the case of
frozen mudstone, ambient temperature significantly influences the shear failure mode.

(a

(b)

Cracking
Dilatancy

effects

Figure 5. Stress—strain curves of mudstone under different freezing conditions: (a) low confining
pressure and (b) high confining pressure.

Figure 6 illustrates the changes in shear strength under various conditions and effec-
tively reveals how the mechanical properties are influenced by both confining pressure
and freezing temperature. It is observed that the stress—strain curves exhibit a consistent
and smooth increasing trend regardless of changes in freezing temperature or adjustments
in confining pressure. Specifically, as axial strain gradually increases, deviational stress
demonstrates a continuous and stable upward trend without any significant softening
phenomenon or plateau throughout the entire process. This phenomenon indicates the
excellent continuity and consistency of frozen specimens during shearing. For example, at
a temperature of 0 °C, the shear strength significantly increased from 1.85 MPa to 6.92 MPa,
achieving an increase of 274.1% when the effective confining pressure was raised from
1 MPa to 4 MPa. This can be attributed to the significant enhancement in interaction force
between rock grains under elevated confining pressure conditions, thereby promoting the
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loading capacity of WCM specimens. Further data analysis indicates that the increase in
effective confining pressure has a significant impact on the compressive strength. Specifi-
cally, the enhancement of confining pressure directly results in a noticeable improvement in
shear strength, demonstrating the positive influence of confining pressure on material shear
properties. The decrease in ambient temperature, as another crucial variable, also substan-
tially enhances strength. Additionally, high confining pressure led to a more substantial
increase in the strength of frozen specimens of WCM. This trend of increasing strength
becomes more pronounced at lower ambient temperatures, highlighting the substantial
regulatory effect of temperature on the mechanical properties of frozen WCM specimens.
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Figure 6. Stress—strain curves of the WCM under different confining pressures at a temperature of:
(@) 0°C, (b) =5°C, (¢) —10 °C, and (d) —20 °C.

3.2. Evolution of Shear Strength and Yield Strain

Due to external loading, the deviatoric stress accumulates within it in a corresponding
condition. In the initial phase, the mudstone distinctly demonstrates elastic behavior
characteristics, signified by a rigorously linear correlation between stress and strain, thereby
indicating that the specimen is residing in the stage of elastic deformation. As axial
stress reaches a critical level, the deformation mechanism experiences a fundamental
shift from elastic to plastic deformation, resulting in the corresponding yield strain. This
transition signifies a significant change in the mechanical behavior under axial stress and
has important implications for its mechanical properties. To further investigate the specific
impacts of various freezing conditions on the shear characteristics of WCM specimens,
this study systematically examined the variations in shear strength (Figure 7) and yield
strain (Figure 8) with changes in ambient temperature and effective confining pressure.
According to the classical theoretical basis of rock and soil mechanics, the initial yield strain
is defined as the strain value corresponding to the initial yield (or elastic limit point) on the
stress—strain curve.
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Figure 8. Yield strain with different freezing temperatures and confining pressures.

The results presented in Figure 7 demonstrate that the reduction in freezing tempera-
ture and the increase in effective confining pressure contribute to an enhancement of shear
strength (01-073) in the specimen. However, a decrease in ambient temperature leads to
increased brittleness of the frozen specimens, as evidenced by a stress—strain curve showing
minimal strain post-failure and rapid decline after reaching peak stress, with a gradual
transition from ductile to brittle failure. Additionally, Figure 8 illustrates that at a confining
pressure of 4 MPa and freezing temperature of —20 °C, the yield strain ey for the frozen clay
sample is only 3.60%. The analysis indicates that the alteration of the stress—strain curve in
the specimens under low-temperature conditions is primarily influenced by the presence of
frozen water and changes in the internal structure. As temperatures decrease below 0 °C,
pore water within the mudstone begins to freeze, forming ice crystals with heightened
strength and stiffness. This results in an elevation of both peak stresses and initial slope
on the stress—strain curve at lower temperatures. Furthermore, frozen water forms ice
crystals that function as a cementation agent, effectively binding together rock particles
and subsequently enhancing shear strength and elastic modulus of the specimens. Further-
more, as the freezing temperature decreases, water freezing in the pores and micro-fissures
within the mudstone result in a reduction in pore volume and healing of fissures, thereby
enhancing the overall strength of the specimens. In addition, the presence of ice crystals
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reduces relative sliding between rock particles, leading to less plastic deformation at low
temperatures and exhibiting pronounced brittleness characteristics. The ice formation
significantly impacts its yield strain [33]. Generally, as freezing temperature decreases and
ice content increases, yield strain decreases due to reduced friction between particles caused
by ice lens skeleton action and decreased plastic deformation. The presence of ice crystals
within the pores can significantly contribute to the enhancement of shear strength in frozen
mudstone by increasing cohesion and internal friction angles. However, it is crucial to
acknowledge the potential for ice-crystal melting or recrystallization within the pores when
the confining pressure exceeds a certain threshold, which may hinder the enhancement of
shear strength as confining pressure rises [26].

4. Discussion

Figure 9 illustrates the variation in shear strength index of the WCM specimens under
different testing conditions. In this study, we utilized functions within the Origin 2021
software to perform statistical data fitting. This process entails the calculation of model
parameters in order to optimize the fit with the data. The efficacy of the model’s fit was
assessed through computation of the coefficient of determination index (R?). It is evident
from Figure 9 that the cohesion and internal friction angles both increase as the freezing
temperature decreases. The relationship between cohesion, internal friction angle, and
freezing temperature is studied and analyzed based on the function fitting of exponential
functions. The specific relationships are shown in Equations (1) and (2).

c(t) = —572.8¢ 1% 1 1580.16 )

p(t) = —16.98e 0112 1 61.21 )

where ¢ refers to the freezing temperature and c and ¢ are the cohesion (c) and internal
friction angle, respectively.
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Figure 9. Relationship between cohesion, internal friction angle, and freezing temperatures.

As shown in Figure 10, the liquid water in pores underwent a freezing process and
transformed into ice crystals. These ice crystals served as natural adhesives that signifi-
cantly enhanced the friction between rock particles and played a crucial cementing role.
Furthermore, freezing caused the pore water to convert into ice, further reinforcing the
internal structure of WCM. By strengthening the mechanical interlocking effect between
particles, it effectively increased the internal friction angle. This phenomenon was closely
related to enhancing particle friction and stabilizing mudstone microstructure. The freezing
process also causes the pore water to change into ice, further strengthening the internal
structure of the clay and effectively increasing the internal friction angle by strengthening
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the mechanical bite effect between the particles. On the other hand, the phenomenon that
the cohesion increased with the decrease in freezing temperature can also be attributed to
the enhanced cementation and occlusion of ice crystals between rock and clay particles. The
ice crystals played a crucial role in enhancing the bond between clay particles as a binder,
and also contributed to an increase in contact pressure among the particles through volu-
metric expansion during their formation, thereby leading to improved cohesive force [39].
However, cracks formed due to temperature gradients and water migration under extreme
freezing temperatures. The expansion of these cracks weakened the specimen’s stability
and mechanical behavior, reducing cohesion and internal friction angle. Hence, the relation-
ship between cohesion and temperature, as well as internal friction angle and temperature,
were described by an exponential function.

Silty grains Pore water Clay grains Ice crystal unfrozen-water film

‘ The process of freezing temper‘

Figure 10. Diagram of changing microstructure in weakly consolidated mudstone during the freez-

ing process.

By comparing the results of laboratory experiments, it was found that the stress—strain
curves of frozen WCM in this study respond to temperature and confining pressure sim-
ilarly to those of frozen soil [40]. When the freezing temperature was low, frozen soil
showed significant brittleness, and cracks occurred easily during loading. On the contrary,
when the temperature was higher, the sample exhibited plastic characteristics. The failure
pattern of the WCM specimen was found to be markedly affected by temperature, with a
notable occurrence of shear zone failure at lower temperatures and a prevailing tendency
towards swelling failure at higher temperatures. During the loading process, the ice lens
in the specimens had a process of melting and refreezing. Under high confining pressure
conditions, the bonding effect of ice crystals is strengthened, which inhibits the expansion
of cracks in the specimen. As can be observed in Figure 11, WCM under low confining
pressures exhibited plastic failure characteristics with observable failure bands, whereas
the ice crystals in WCM only carried a portion of the load. The WCM specimen during
triaxial loading first displayed a characteristic of shrinkage and then dilatancy under such
conditions. Under high confining pressure, distinct failure cracks and oblique shear zones
were observed on the bulging side of the specimen. This phenomenon can be attributed to
the stress concentration and grain breakage of ice crystals, which enhanced the brittleness
of frozen specimens, thereby making it more prone to brittle failure when subjected to
high confining pressure during triaxial loading [41]. During the freezing process, there
was a possibility for pore water pressure to become concentrated in specific areas, result-
ing in stress concentration phenomena. This phenomenon had a substantial influence
on mechanical properties, including shear strength, frost heave force, crack propagation,
and brittleness.



Water 2024, 16, 3095

11 of 14

O—l
I s
Axial sfrain
| @ R rv = |
fl ‘l" J | ’ |‘I \
f I'\ ,‘I ¥| a o, | r '; |
| \ o4 = LT > B
| lateral deformation [~ R e U 4 Y i s Pt ol ke
_._._.._pl ‘ —_— +— | :
| | |
“‘ / | > - f - ,' I Stress Grain
¥ f ‘w, ] ! | J‘ concentration  breakage
J || | = -— i f
\Badity ! 3 ! . . e T
) 4 o .
Dilatancy 'L 7777777777777 1 Shrinkage , Shrinkage
Low confining pressures Frozen specimen High confining pressures

Figure 11. Stress state diagram of weakly consolidated mudstone under triaxial loading.

The conventional approach proposed by previous scholars primarily relies on uniaxial

compression experiments to characterize the artificial frozen effects, with the main indices
obtained being uniaxial compressive strength and elastic modulus [38,42]. For instance, it
was observed that freezing temperature and moisture content exert significant effects on
the mechanical parameters [15]. The frozen triaxial shear test was employed to investigate
the enhancement of WCM under artificial freezing conditions. This study revealed that
the triaxial shear test can more comprehensively and accurately reflect the influencing
factors of artificial freezing conditions on WCM. Furthermore, different freezing factors
were taken into consideration during the test, providing a more reliable reference for tunnel
construction using freezing methods.

In conclusion, the macroscopic distinctions between WCM specimens under artificial

frozen state and conventional state suggest that the alterations in mudstone are more
intricate, posing challenges for the application of traditional theories of rock mechanics
in analyzing its mechanical behavior. Through the analysis of the shear strength of WCM
during AGF construction under varying combined conditions of temperature and confining
pressure, the evolution of its shear strength and the underlying mechanisms governing its
failure were clarified. This comprehensive investigation not only enhanced our comprehen-
sion of the mechanical behavior of mudstone in complex environmental settings but also
provided theoretical guidance for subsequent research and practical applications.

5. Conclusions

Based on the results of triaxial shear tests, this study examined the impact of freezing

temperatures and confining pressures on the mechanical characteristics of the WCM in a
water-diversion tunnel. The main conclusions are as follows:

@

@)

®)

As the freezing temperature decreases from 0 °C to —20 °C, there is an increase in
cohesion and internal friction angle from 1012 kPa to 1425 kPa, accompanied by a rise
in the internal friction angle from 43.2° to 58.2°. The exponential function is capable
of delineating the correlation between cohesion, internal friction angle, and freezing
temperature. A notable enhancement in the shear strength of WCM specimens is
observed under AGF conditions at various levels of confined pressures, indicating a
significant impact on the mechanical behavior.

The yield strain is reduced due to decreased grain friction caused by the ice lens
skeleton and lower plastic deformation, attributed to declining freezing temperatures
and increasing ice content. As the freezing temperature decreases, the frozen specimen
of WCM undergoes a transition from plastic failure to brittle fracture, resulting in the
deformation of dilatancy failure shifting towards shrinkage failure.

In low-freezing environments, the influence of confining pressure on the shear strength
becomes more pronounced. Notably, high confining pressure leads to a substantial
increase in the strength of frozen specimens of WCM. This can be attributed to ice crys-



Water 2024, 16, 3095 12 of 14

tals filling cracks within the frozen WCM under combined low temperature and high
confining pressure conditions, thereby reducing crack expansion and deformation
while enhancing overall strength.

(4) The failure pattern of the WCM specimen is significantly influenced by freezing
temperatures, with significant shear zone failure observed at low freezing temper-
atures for WCM, and dominant swelling failure at high temperatures. This can be
attributed to the presence of ice crystals increasing the brittleness of WCM, making
it more susceptible to brittle failure during triaxial loading. The findings provide
strong technical support for the application of the AGF method in the construction of
water-diversion tunnels.
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