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In order to study the mechanical properties of sandstone under the coupling action of chemical erosion and freeze-thaw cycles, the
fine-grained yellow sandstone in a mining area in Zigong, China, is collected as the research object. 1e changes in mechanical
properties of yellow sandstone under the coupling action of chemical solution erosion and freeze-thaw cycles are analyzed based
on uniaxial compression tests (UCTs) and triaxial compression tests (TCTs). 1e results show that, with the increase in freeze-
thaw cycles, the compressive strength, elastic modulus, and cohesion of the sandstone samples decrease with varying degrees.
Under constant freeze-thaw cycles, the most serious mechanical properties of degradation are observed in acidic solution,
followed by alkaline solution and neutral solution. Under different confining pressures, the compressive strength and elastic
modulus of the sandstone samples decrease exponentially with the increase in freeze-thaw cycles. Under the action of the chemical
solution erosion and freeze-thaw cycles, the internal friction angle fluctuates around 30°. For the cohesion degradation, 35.4%,
29.3%, and 27.2% degradation are observed under acidic, alkaline, and neutral solutions. Nuclear magnetic resonance imaging
shows that the chemical erosion and freeze-thaw cycles both promote the degradation of rock properties from surface to interior;
after 45 freeze-thaw cycles, the mechanical properties drop sharply. To properly design rock tunneling support and long-term
protection in the cold region, the impact of both freeze-thaw cycles and chemical erosion should be considered.

1. Introduction

1e subsurface works in the western part of China is not only
affected by the low temperature environment and freeze-
thaw cycles but also influenced by factors such as acid rain
and groundwater erosion. Not only hydrochemical reaction
causes elements to redistribute between rocks and water [1],
the volume expansion of water in the pores will also produce
freezing force during the freeze-thaw cycles [2, 3]. 1e
freezing force leads to the expansion of the original defect
and the generation and expansion of new cracks, which
cause imbalances within its soil particles, water molecules,
and ions and decrease in strength and increase in com-
pressibility. 1is will further accelerate the damage and

destruction of rock and eventually lead to the degradation in
its mechanical properties, which will affect the service life
and investment benefits of rock engineering [4–6]. 1ere-
fore, the study on the change in mechanical properties of
sandstone under the coupling action of chemical erosion and
freeze-thaw cycles has guiding significance for the con-
struction and protection of actual geotechnical engineering.

1e mechanical properties of rock under freeze-thaw
cycles have been studied by many researchers. Ni et al.
carried out triaxial unloading tests on tunnel sandstone in
the cold area after different cycles and obtained the whole
stress-strain curve, peak strength, and microstructure
morphology characteristics after freeze-thaw cycles [7].
Wang et al. conducted mechanical tests on intact quartzite
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after freeze-thaw cycles and obtained physical parameters
and triaxial compression mechanical properties of quartzite
[8]. Park et al. carried out laboratory experiments for the
measurement of the specific heat, thermal conductivity, and
thermal expansion coefficient in the temperature range of
−160°C to 40°C, and the results were utilized for the eval-
uation of thermal propagation in rock mass and the ther-
momechanical stability of underground facilities [9]. Similar
experiments have been conducted [10–14]. Li et al. estab-
lished a limestone chemical corrosion model and analyzed
the mechanical properties of limestone [15]. Han et al.
conducted quantitative studies on microstructure damage of
sandstone after water chemical erosion [16]. Feng et al.
studied the damage evolution mechanism of sandstone in
NaCl, CaCl2, and Na2CO3 solutions [17]. Han et al. studied
the mechanical properties of granite in strong acid and
strong alkali solution and found out the damage mechanism
of granite [18]. Atkinson and Meredith investigated the
influence of different chemical solutions on the strength and
crack propagation rate of quartz and found that increasing
environmental OH− concentration resulted in a faster ex-
pansion rate of the quartz fracture by means of a crack
propagation model [19]. Similar scientific research has been
conducted [20, 21].

However, the coupling actions of chemical erosion and
freeze-thaw cycles were not considered in their studies. In
geotechnical engineering, the rock mass structure is sub-
jected to strong coupled freeze-thaw cycles. An under-
standing of the interplays between these different processes
demands a comprehensive study of the fully coupled be-
haviour which is crucial for a reliable and cost-effective
design rock tunneling support and long-term protection. Xu
et al. investigated the coupling effects of chemical corrosion
and freeze-thaw cycles on the physical and mechanical
properties of tonalite samples. However, the research only
considered the erosion under acidic conditions and did not
consider the influence of confining pressure [22]. 1e mine
rocks in the western part of China are affected by chemical
erosion and freeze-thaw cycles, and few research studies
have been reported on the mechanical properties of rocks
under the combined action of the two factors. In the present
paper, the fine-grained yellow sandstone in the underground
mines in Zigong, China, is used as the experimental object,
and UCT, TCT, and mesodamage monitoring of the yellow
sandstone under the coupling effects of chemical and freeze-
thaw cycles are carried out.

2. Materials and Methods

2.1. Sample Preparation. 1e samples were fine-grained
yellow mine sandstone collected from Zigong, China. 1e
mineral compositions of the samples were obtained based on
an X-ray diffraction (XRD) analysis and are presented in
Table 1. 1e tests were completed under the guidance of the
“Standard for Test Methods of Engineering RockMass” (GB/
T 50266-2013) [23]. 1e samples were processed into cyl-
inders with a diameter of 50mm and a height of 100mm
(Figure 1). 1is is in line with the recommendations of the
International Society for Rock Mechanics (ISRM). To ensure

the homogeneity of the sandstone samples, the NN-4B
nonmetal ultrasonic detection analyser is used for acoustic
wave detection. After removing the samples with large
acoustic wave difference, the remaining ones with consistent
mechanical properties were chosen. Note that the average
value of longitudinal wave velocity was 2.5 km/s. 1e
samples were divided into 3 groups with 15 samples in each
group. At least, 3 parallel tests were conducted for each
group.

Samples were then placed in the constant temperature-
humidity container under a constant temperature of 105°C
and dried for 48 h.1en, samples were weighed, and the data
were recorded. 1e samples under different chemical so-
lutions were saturated by an MP-VPS vacuum saturation
device, and the quality of every saturated sample was
recorded. 1e average density of the samples was
1.94∼1.98 g/cm3, and the porosity was 15.6%∼20.4%.

2.2. Experimental Devices and Test Process Design. 1e
freeze-thaw cycle equipment used in the test is the constant
temperature-humidity chamber (Figure 2). 1e equipment
is controlled by Proportional Integral Derivative (PID),
which can realize functions such as refrigeration and
heating. Temperature control scope is from −40°C to 150°C,
with an accuracy of ±0.1°C. A series of UCT and TCT were
conducted using the TAW-200 electronic multifunctional
material mechanics testing machine. 1e machine is de-
veloped by Qingdao University of Science and Technology
and Changchun Chaoyang Testing Machine Factory (Fig-
ure 3) and has two loading modes: force and displacement
control. 1e maximum axial pressure is 200 kN with an
accuracy of ±1 kN, and the maximum confining pressure is
30MPa with a precision of ±0.1MPa. In the test, a loading
rate of 50N/s was applied.

1e samples cross section imaging analysis was con-
ducted using the MacroMR12-150H-I Low Field Nuclear
Magnetic Resonance Analysis System produced by Suzhou
Niumag Analytical Instrument Corporation.1e instrument
is shown in Figure 4.

1e test process was as follows: (1) the NaCl solution
with an initial concentration of 0.01mol/L was used as base
solution. An appropriate amount of H2SO4 and NaOH was
added to the solution to form the H2SO4 acidic solution
(0.01mol/L) and NaOH alkaline solution (0.01mol/L). To
ensure the total number of ions in every solution, equal mass
of NaCl was added to the neutral solution, and the pH of
each solution was recorded. 1e cylindrical sandstone
samples were saturated in the acidic H2SO4 solution
(0.01mol/L, pH� 3), alkaline NaOH (0.01mol/L, pH� 13)
solution, and neutral NaCl (pH� 7) solution for three
months, respectively. 1e pH and ion concentration of the
solution were measured daily to ensure constant pH value of
the solution during the test. (2) According to the actual
situation of the project and the “Specifications for rock tests
in water conservancy and hydroelectric engineering” (SL
264-2001) [24] and “Standard for Test Methods of Engi-
neering Rock Mass” (GB/T 50266-2013) [23], the test
process was designed as follows: first, the immersed
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sandstone samples were placed in the test container, and the
freezing temperature was set to −20°C, and the freezing time
was 12 h. 1en, the sandstone samples were placed in the
corresponding chemical solution and kept at 20°C for 12 h.

Each freeze-thaw cycle lasted 24 hours in total, and the
freeze-thaw cycles were 0, 15, 30, 45, and 60 times, re-
spectively, for the five groups of samples. After the freeze-
thaw cycles, the mass and longitudinal wave velocity of the
saturated samples were measured, and a series of nuclear
magnetic imaging observation tests, UCT and TCT, were
performed. 1e preparation work before the TCT can refer
to the test operation of Yu et al. [25]. 1e actual mining
depths of the local thin layer and the underground mining
areas are about 120m and 250m, respectively. According to
the self-weight stress σz of the stratum (σz � λh, λ is the
gravity of the rock formation), the required confining
pressures are about 3MPa and 6MPa, respectively.

3. Results and Discussion

3.1. UCT Results and Discussion

3.1.1. Destructive Forms of Samples. Table 2 presents the
destructive forms of specimens under the coupling action of
chemical solutions and freeze-thaw cycles. During the initial
30 freeze-thaw cycles, the destructive forms are vertical
brittle failure and oblique shear failure. For example, the
rock sample labeled “2-0” produces standard longitudinal
brittle failure, which is manifested by the presentation of the
main crack parallel to the axial load direction. And the
samples labeled “1-0,” “3-0,” “2-15,” and “3-15” all produce
oblique shear failure, with main cracks on the sliding surface
of the sandstone samples. After reaching the ultimate failure,
the samples are basically complete, and the failure process is
relatively stable, without the collapse of a large block. After
30 freeze-thaw cycles, the samples fail in a wedge-shaped
splitting form, which is mainly manifested by wedge-shaped
cracks during the failure and crushing process at the ter-
minal face. 1e combined effect of freeze-thaw cycles and
chemical solution erosion leads to particle softening and
pore expansion inside the rock sample. As the number of
freeze-thaw cycles increases, the number of cracks increases,
and the degree of end-face cracking becomes more severe.
1e above finding is consistent with observations in Qiu
et al. [26]. With the same freeze-thaw cycle, the number of
the secondary cracks is the largest in acidic solution, fol-
lowed by alkaline solution and neutral solution.

3.1.2. Stress-Strain Curve Results and Discussion. From the
stress-strain relationship curves (Figure 5), it is easy to see
that the sample deformation has experienced four stages:
compaction stage (A), elastic growth stage (B), plastic yield
stage (C), and failure stage (D) [27]. In the compaction
section, the stress-strain relationship curve is concave be-
cause the internal pores and microcracks of the sandstone
samples are gradually compacted as the load increases.1en,
in the elastic growth stage, the stress-strain curve is basically
linear. In the plastic yield stage, the stress-strain relationship

Table 1: Mineral composition of the samples used.

Element/samples Calcium feldspar Quartz Andesite Hornblende Pyroxene Others
Weight (%) 68 18 3 3 2 6

Figure 1: Part of the standard sandstone samples.

Figure 2: 1e constant temperature-humidity chamber.
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curve is convex; as the load increases, the internal cracks of
the samples expand continuously, and the slip phenomenon
among particles is more obvious; at this time, the stress
reaches the maximum value. Eventually, in the failure stage,
the stress value drops sharply; the main cracks appear inside
and on the surface of the samples; meanwhile, the micro-
cracks are clumped, which leads to the failure of the sample.

In the elastic growth stage, as the number of freeze-thaw
cycles increases, the slope of the stress-strain relationship
curve gradually decreases. Compared with freeze-thaw
samples, the slope of the stress-strain relationship curve of the
non-freeze-thaw samples changes significantly under acidic
solution. After 45 cycles of freezing and thawing in the neutral
solution, the degree of slope reduction increases. After 60
cycles of freezing and thawing in the alkaline solution, the
slope of the stress-strain relationship curve decreases sig-
nificantly. In the plastic yield period, the maximum stress
value decreases with increasing freeze-thaw cycles under the
erosion of three chemical solutions. With the same freeze-

thaw cycles, the maximum stress value in the neutral solution
is the largest, and it is the smallest in the acidic solution. And
the difference between the maximum stress value of the
neutral solution and the alkaline solution is the smallest.

3.1.3. Compressive Strength. 1e average compressive
strength values for samples under UCT are calculated, and
the uniaxial compressive strength curves of sandstone
samples under chemical erosion and freeze-thaw cycles are
plotted in Figure 6.

In Figure 6, it can be seen that the uniaxial compressive
strengths of the sandstone samples decrease with the in-
crease in the number of freeze-thaw cycles regardless of
chemical solution types. With the same freeze-thaw cycles,
the uniaxial compressive strength in the neutral solution is
the largest, and it is the smallest in the acidic solution. And
the difference of the uniaxial compressive strength of the
neutral solution and the alkaline solution is small.
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Figure 3: TAW-200 electronic multifunctional material mechanics testing machine: (a) UCT; (b) TCT. 1, press ram; 2, sandstone sample; 3,
reaction frame system; 4, pressure sensors; 5, confining pressure cylinder; 6, electromagnetic heating; 7, lantern ring; 8, heat-shrink pipe; 9,
radial displacement transducers; 11, temperature transmitter.

Figure 4: MacroMR12-150H-I NMR.
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Table 2: Destructive forms of specimens under the coupling action of chemical solutions and freeze-thaw cycles.

Solution
Number of freeze-thaw cycles

0 15 30 45 60

Acid (pH� 3)

Neutral (pH� 7)

Alkaline (pH� 13)

18
16
14
12
10

8
6
4
2
0

0 F-Tc
15 F-Tc
30 F-Tc

B

C

D

A

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

σ 
(M

Pa
)

ε (%)
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(a)
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20
22

(b)

Figure 5: Continued.
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During the freeze-thaw cycles from 0 to 60 times, the
uniaxial compressive strengths in the neutral solution and
alkaline solution decrease by 30.58% and 32.78%, respec-
tively. Under the acidic solution, the damage of sandstone
samples is the biggest, and the uniaxial compressive strength
decreases by 45.87%. After 45 freeze-thaw cycles, the uni-
axial compressive strength of the sandstone samples under
acidic solution decreases with the increase in the number of
freeze-thaw cycles, which indicates that the acidic solution
has a great influence on the strength damage of the sand-
stone samples. After 45 freeze-thaw cycles, the sandstone
samples have been totally eroded in the acidic solution.

Under the coupling action of chemical erosions and freeze-
thaw cycles, the internal structure becomes sparse and loose.
As a result, the mechanical properties are seriously deteri-
orated. 1e properties of rock damage under the coupling
action of acidic solution erosion and freeze-thaw cycles are
consistent with the results of Deng et al. [28].

3.1.4. Elastic Modulus. It can be seen from Figure 7 that the
elastic modulus of the sandstone samples decreases with the
increase in the number of freeze-thaw cycles. With the same
freeze-thaw cycles, the elastic modulus under the acidic
solution is the lowest, while the elastic modulus in the acidic
solution is the highest.

Under the erosion of different chemical solutions, the
elastic modulus decreases sharply in the freeze-thaw cycles
between 0 and 15 and 45 and 60 times, which indicates that
the initial freeze-thaw cycles and the 45 freeze-thaw cycles
have a great influence on the grain structure of the sand-
stone. At this time, the particle damage is serious, and the
connectivity of the sandstone samples is improved. 1e
mechanical properties are seriously reduced. 1e influence
of the number of freeze-thaw cycles on the change in
sandstone elastic modulus is consistent with other research
results, such as Ni et al. [7].

Under the condition of constant freeze-thaw cycles,
deterioration of the elastic modulus in the acidic solution is
the most serious. 1e elastic modulus in the neutral solution
is higher than that in the alkaline solution. And the rela-
tionships between the elastic modulus of sandstone samples
and the number of freeze-thaw cycles under neutral solution
and alkaline solution are basically the same. In the interval of
0–60 cycles of freeze-thaw, the elastic modulus of sandstone
samples decreases by 31.83% in the acidic solution, while the
decreases are 23.31% and 26.20% in the neutral and alkaline
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Figure 5: Stress-strain relationship for uniaxial compression tests after different chemical solution eroded and different number of freeze-
thaw cycles (F-Tc): (a) uniaxial stress-strain curve under the acidic solution, pH� 3; (b) uniaxial stress-strain curve under the neutral
solution, pH� 7; (c) uniaxial stress-strain curve under the alkaline solution, pH� 13.
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solutions, indicating that the acidic solution has a great
influence on the deterioration of the elastic modulus of
sandstone.

3.2.TCTResultsandDiscussion. In this chapter, based on the
results of UCT, the effects of different confining pressures on
the mechanical properties of yellow sandstone under the
coupling action of chemical erosion and freeze-thaw cycles
are analyzed.

When the confining pressure is fixed, the stress-strain
curves under TCTare basically the same as that under UCT,
which all experience the compression, elastic, plastic, and
failure stages. Combined with the stress-strain curves under
UCT, it is found that the stress-strain curves under TCT
have a certain delay after the peak value, and the plastic
characteristics are more obvious. 1erefore, the stress-strain
curves under TCT are not further described.

3.2.1. Compressive Strength. In Figure 8, it can be seen that
the compressive strengths of the sandstone samples increase
with the increase in the confining pressure with the same
freeze-thaw cycles and in the same chemical solution [29].
Compared with the uniaxial compressive strength, the
compressive strength under 3MPa confining pressure has a
rapid increase. When the confining pressure rises from
3MPa to 6MPa, the compressive strength of the sandstone
samples increases; however, the increase is smaller.

In Figure 9, under 3MPa confining pressure, the gra-
dient of the slope of the curves decreases seriously after 45
cycles of freeze-thaw, which is consistent with the corre-
sponding curves variation under UCT. Compared with the
sandstone samples without freeze-thaw cycles, the com-
pressive strength of sandstone samples after 60 freeze-thaw
cycles under acidic solution decreases by 28.89% and by

19.57% and 19.77% in the neutral solution and alkaline
solution, respectively. Under the confining pressure of
6MPa, the largest reduction of compressive strength is
observed in the initial 15 cycles of freeze-thaw. During the
freeze-thaw cycles from 0 to 60 times, the confining pressure
in the acidic solution decreases by 18.81% and by 18.16% and
18.71% in the neutral solution and alkaline solution, re-
spectively. It can be seen that the increase in confining
pressure reduces the degree of attenuation of the com-
pressive strength.

1e exponential fitting curves of the triaxial compressive
strength and the number of freeze-thaw cycles are obtained
(Figure 9).

It can be seen from Figure 9 and the above formulas that
the compressive strength of the sandstone samples in the
three chemical solutions decreases exponentially with the
increase in the number of freeze-thaw cycles. Under the
confining pressure of 3MPa, the slope of the curve increases
continuously. According to Figure 7, the reason is that the
chemical erosions and freeze-thaw cycles have more influ-
ence on the compressive strength of the sandstone samples
than the confining pressure. Under the confining pressure of
6MPa, as the number of freeze-thaw cycles increases, the
slope of the curve decreases, and the influence of confining
pressure on the compressive strength of sandstone samples
dominates.

3.2.2. Elastic Modulus. 1e relationships between the elastic
modulus of the sandstone samples and the number of freeze-
thaw cycles under different chemical solutions are plotted by
exponential fitting (Figure 10). Under the same chemical
solution erosion, the elastic modulus of the sandstone
samples under different confining pressures gradually de-
creases with the increase in the number of freeze-thaw
cycles. Under the same confining pressure and freeze-thaw
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Figure 10: Fitting curves of elastic modulus of sandstone samples and number of freeze-thaw cycles under different chemical erosions:
(a) the elastic modulus curves under a confining pressure of 3MPa; (b) the elastic modulus curves under a confining pressure of
6MPa. E is the elastic modulus of the samples subjected to m times freeze-thaw cycles under different chemical solution. R2 is the
correlation coefficient.
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Figure 9: Curves of compressive strength and number of freeze-thaw cycles of sandstone samples under different chemical erosions:
(a) compressive strength curves at a confining pressure of 3MPa; (b) compressive strength curves at a confining pressure of 6MPa. S is
the compressive strength of the sandstone samples subjected to m times freeze-thaw cycles under different chemical solutions. R2 is
the correlation coefficient.
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cycles, the elastic modulus of the sandstone samples in the
acidic solution is the lowest, while it is the largest in the
neutral solution. Under the same chemical solution erosion
and freeze-thaw cycles, the elastic modulus of the sandstone
samples increases correspondingly with the increase in
confining pressure. Under the confining pressure of 3MPa,
the elastic modulus of the sandstone samples under the
erosion of three chemical solutions decrease in increasing
speed after 45 cycles of freeze-thaw cycles. Under the
confining pressure of 6MPa, in the 0–15 cycles of freeze-
thaw, the elastic modulus of sandstone samples under the
erosion of different chemical solutions witness the largest
decrease. It can be seen that the elastic modulus of the
sandstone samples under the three chemical solution de-
creases exponentially with the increase in the number of
freeze-thaw cycles.

3.2.3. Analysis of Cohesion Strength and Internal Friction
Angle. 1e Mohr–Coulomb criterion indicates that all the
stress circles in the triaxial tests are approximately tangent to
a straight line. 1e stress value of the tangent point repre-
sents the normal stress σ and the shear stress τ on the
fracture surface. However, in practical applications, the best
tangent line cannot be selected on the stress circle curve.
According to the Experiment Course on Rock Mechanics
[30], with σ3 as the independent variable and σ1 as the
dependent variable, and the regression equation is deter-
mined by the least squares method:

σ1 � a + bσ3, (1)

φ � sin−1b − 1
b + 1

,

C � a
1 − sinφ
2 cosφ

,

(2)

where φ is the internal friction angle (°) andS is the cohesion
strength of the sandstone (MPa).

1e internal friction angle and cohesion strength are
calculated according to formula (2), and the result is shown
in Table 3.

According to Table 3 and Figure 11, the internal friction
angle of the sandstone samples fluctuates around 30° under
the coupling action of chemical solution erosion and freeze-
thaw cycles. In the same chemical solution, the cohesion
strength of the sandstone samples increases with the increase
in the number of freeze-thaw cycles. Under the same
number of freeze-thaw cycles, the cohesive strength of the
sandstone samples in the acidic solution is the smallest,
while it is the largest in the neutral solution. During the first
60 cycles of freeze-thaw, the cohesive strength of the
sandstone samples decreases by 35.4%, 27.2%, and 29.3% in
the acid, neutral, and alkaline solutions, respectively. During
the 45–60 cycles of freeze-thaw, the curve has the largest
decline, which indicates that the acidic solution has the most
obvious influence on the sandstone samples. 1e internal
damage of sandstone is intensified after 45 cycles of freeze-
thaw, and the mechanical properties are seriously
deteriorated.

4. DamageMechanism of Chemical Erosion and
Freeze-Thaw Cycles

4.1. Analysis of Chemical Erosion Damage. 1e fine-grained
yellow sandstone samples react differently in different
chemical solutions. During the test, the chemical reaction of
sandstone samples in acidic solution is more intense than
that in the neutral and alkaline solutions. 1e chemical
interaction of water-rock not only changes the composition
of the sandstone samples but also leads to the formation of
pores and microcracks in the rock [29].

1e following chemical reactions occur between car-
bonate, quartz, cementitious minerals, and chemical solu-
tions.1e reaction pattern of the samples in an acidic H2SO4
(pH� 3, 0.01mol/L) solution is as follows:

Ca AlSi3O8( 2 + 2H+
+ H2O⟶ Ca2+

+ 4SiO2 + Al2 Si2O5( (OH)4↓,

NaAlSi3O8 + 4H+
+ 4H2O⟶ Na+

+ Al3+
+ 3H4SiO4,

CaCO3 + 2H+⟶ Ca2+
+ H2O + CO2↑,

(3)

1e reaction pattern of the samples in the neutral NaCl
(pH� 7) solution is as follows:

NaAlSi3O8 + 8H2O⟶ Na+
+ Al(OH)

−
4 + 3H4SiO4,

SiO2 + 2H2O⟶ H4SiO4,

(4)

1e reaction pattern of the samples in an alkaline NaOH
(pH� 13, 0.01mol/L) solution is as follows:

NaAlSi3O8 + 6OH−
+ 2H2O⟶ Na+

+ Al(OH)
−
4 + 3H2SiO

2−
4

SiO2 + 2H2O⟶ H4SiO4,

SiO2 + 2OH−⟶ SiO2−
3 + H2O,

(5)

In the acidic solution, anorthite, albite, and other cal-
careous cement release a large amount of Ca2+, Na+, and
Al3+, and the chemical reaction of water-rock is intense. A
large amount of particulate compounds dissolve into free
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ions, which promote the softening of sample particles and
leads to an increase in porosity and a decrease in rock
mechanical properties. In the neutral solution, the reaction
of water-rock is slow and only the mineral hydrolysis occurs.
In the alkaline solution, only the dissolution of quartz and
the hydrolysis reaction of feldspar happen. 1e water-rock
reaction is less severe to that in the acidic solution.

4.2. Analysis of Freeze-8aw Cycles Damage. 1e thermos-
physical properties of the three-phase medium of rock,
water, and ice during freeze-thaw cycles are the main
causes of freeze-thaw cycles damage of sandstone samples.
Before the freezing process, existing openings in the
sandstone are filled with confined water, as shown in
Figure 12-(a). During the freezing process, shrinkage

occurs between the rock particles. Due to the different
material properties and aggregation level, the shrinkage is
not uniform, and friction and extrusion between the
particles lead to the frost heave force, which causes sec-
ondary opening. Besides, as the confined water ices, re-
sidual confined water is squeezed into cracks and leads to
increased secondary opening, as shown in Figure 12-(b).
1en, during the thawing process, the ice in the pores in the
rock thaws, and the thawed water enters the micropores
[31], which resulted in the expansion of the original pores.
As the number of freeze-thaw cycles increases, the internal
frost heave force is continuously generated and released,
causing increasing damage until the failure of sandstone
samples.1e freezing direction of the samples extends from
the surface to the inside, and the formation of the frost
heaving force leads to an increase in the pore volume.

Table 3: Internal friction angle and cohesion strength of sandstone samples under the coupling action of chemical solution erosion and
freeze-thaw cycles.

Chemical solution Number of freeze-thaw cycles Internal friction angle (°) Cohesion strength (MPa) R2

Acid solution

0 32.09 5.00 0.982
15 30.11 4.60 0.983
30 30.31 4.28 0.979
45 28.77 4.23 0.973
60 32.37 3.23 0.996

Neutral solution

0 30.96 5.91 0.971
15 29.94 5.75 0.969
30 30.82 5.25 0.936
45 28.90 4.95 0.933
60 29.79 4.30 0.977

Alkaline solution

0 30.12 5.87 0.994
15 29.20 5.52 0.982
30 30.39 4.75 0.974
45 28.83 4.70 0.951
60 29.24 4.15 0.984

0 15 30 45 60
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Figure 11: Curve of the number of freeze-thaw cycles and cohesion between different chemical solutions.

10 Advances in Civil Engineering



When the inside pore connects, the mechanical properties
of rock mass are seriously deteriorated.

4.3. SandstoneDamageMechanism under Chemical Freezing-
8awing Coupling. 1e magnetic resonance imaging of the
sandstone samples under the coupling action of the chemical
solution erosion and the freeze-thaw cycle is carried out [32].
Observations are conducted on the cross section at 1/3
height along the axial direction of the sandstone samples,
and the corresponding nuclear magnetic resonance imaging
images are shown in Figure 13. A high density of hydrogen
nucleus may indicate larger and denser pores. Both the pore

size and distribution are important parameters of porous
media which defines the macroscopic properties of the
media [33].

It can be seen from Figures 13 and 14 that the density of
hydrogen nucleus in the sandstone samples increases with
the increase in the number of freeze-thaw cycles, which
indicates that the internal compactness of the samples be-
comes loose with the increase in freeze-thaw cycles and a
large number of pores and large voids form. 1e hydrogen
nucleus density on the cross section surface is higher than
that in the interior, indicating that the rock damage is de-
veloped from the surface to the inside. After 45 cycles of

Confined
water

Primary
opening

Ice

Frost
heaving
force

Confined
water

Secondary
opening

Ground surface

Fine-grained yellow sandstone

Water resources underground

Granite

(a) (b) (c) (d)

Rock skeleton

Figure 12: Schematic diagram of freeze-thaw cycle.

(a)

(b)

(c)

Figure 13: Magnetic resonance images of sandstone samples after different chemical solution erosion and freeze-thaw cycles: (a) images of
sandstone samples under acidic solution (from left to right: freeze-thaw cycles are 0, 15, 30, 45, and 60, respectively); (b) images of sandstone
samples under neutral solution (from left to right: freeze-thaw cycles are 0, 15, 30, 45, and 60, respectively); (c) images of sandstone samples
under alkaline solution (from left to right: freeze-thaw cycles are 0, 15, 30, 45, and 60, respectively).
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freeze-thaw, the bright spot area increases significantly, and
the damage inside the sandstone increases. After 60 cycles of
freeze-thaw, the bright spot area covers almost the entire
cross section, indicating that the internal freeze-thaw
damage of the sample is serious. Under constant freeze-thaw
cycles, the hydrogen nucleus density on the cross section is
the largest in the acidic solution, while it is the lowest in the
neutral solution. 1is shows that the most serious damage to
the internal structure of the sandstone samples occurs in the
acidic solution, which produces the largest number of pores.
1e damage of the samples under the alkaline solution is
slightly higher than that in the neutral solution.

During the freeze-thaw cycles, the internal pores of the
sandstone samples expand and connect, which promotes the
erosion of chemical solutions and the migration of water from
the surface and the inside; this, in turn, leads to the expansion
of pores and increasing water content in the sandstone
samples. 1erefore, when the pores are frozen again, the
internal frost heave force increases correspondingly and
causes severe damage. 1erefore, the rock damage is the
combined result of chemical solution erosion and the freeze-
thaw cycles.

5. Conclusions

In this paper, laboratory experiments were carried out on
fine-grained yellow sandstone collected in underground
mines in Zigong, China. 1e mechanical parameters and
damage properties of yellow sandstone samples under
chemical erosion and freeze-thaw cycles are analyzed. 1e
main conclusions are as follows:

(1) 1e compressive strength and elastic modulus of the
sandstone samples in three chemical solutions de-
crease with the increase in freeze-thaw cycles. Under
constant freeze-thaw cycles, the damage of me-
chanical properties in the acidic solution is the most
serious, while it is less obvious in the neutral
solution.

(2) 1e compressive strength and elastic modulus of
sandstone samples under different confining pres-
sures decrease in an exponential trend with in-
creasing freeze-thaw cycles. 1e overall slope of the
curve increases under 3MPa confining pressures.
Under the confining pressure of 6MPa, the slope of
the curve is continuously reduced, and the influence
of chemical solution erosion and freeze-thaw cycles

on the mechanical properties of the rock is reduced,
while the confining pressure plays a dominant role.

(3) 1e internal friction angle of the sandstone samples
under the coupling action of the chemical solution
erosion and the freeze-thaw cycles fluctuates around
30°; the cohesive strength gradually decreases as the
number of freeze-thaw cycles increases. After 45
cycles of freeze-thaw, the decay rate increases, and
the cohesive strength of the sandstone samples de-
creases by 35.4% in the acidic solution and decreases
by 27.2% and 29.3% in the neutral and alkaline
solutions, respectively.

(4) Magnetic resonance imaging shows that the rock
damage by chemical solution erosion and freeze-
thaw cycles develops from surface to interior. During
the 45–60 cycles of freeze-thaw, the connectivity
among the rock particles becomes better and the
mechanical properties are seriously deteriorated.

(5) In the acidic solution, the chemical reaction of the
rock sample minerals is the most severe, and the
mechanical properties are most seriously deterio-
rated. 1e damage in the alkaline solutions is less
obvious, while only hydrolysis reaction occurs in the
neutral solution. During the freeze-thaw cycles, the
formation of frost heave forces leads to the expansion
of the pores inside the sandstone samples, which
promotes the erosion of chemical solutions. 1ere-
fore, the chemical solution erosion and the freeze-
thaw cycles promote each other and affect the
damage degree of the rock together.
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