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During the construction of geotechnical engineering in cold regions, the stability of rock is inevitably affected by freeze-thaw
cycles and hydrochemical corrosion. In order to study the effect of hydrochemical corrosion on dynamic mechanical properties
of freeze-thaw rocks, dynamic compression tests were carried out on sandstone samples corroded by four different
concentrations of HCl solutions with the same number of freeze-thaw cycles using split-Hopkinson pressure bar (SHPB) test
system. The coupling effects of freeze-thaw cycles with different concentrations of HCl solutions and strain rate on mechanical
properties of sandstones were explored. The results showed that strain rate could enhance the dynamic compressive strength
and peak strain but had no significant effect on the elastic modulus. The coupling effect of freeze-thaw cycles and acid
corrosion weakened the dynamic compressive strength, and elastic modulus but enhanced the peak strain. In addition, X-ray
diffractometer (XRD) and scanning electron microscope (SEM) were used to analyze the changes of mineral composition and
microstructure damage of sandstone samples under the coupling effect of acid corrosion and freeze-thaw cycles. The analysis
results were basically consistent with the damage characteristics of macro mechanical properties. The research results can
provide reference for open pit coal mining in cold regions.

1. Introduction

China has abundance of coal resources, but they are not
evenly distributed. More than 95% of open-pit coal mines
are located in cold regions north of 38°N latitude. To
increase the efficiency of coal mining via safety and stability,
many scholars have conducted extensive study in areas such
as roadway excavation [1, 2], stability monitoring [3, 4], and
resource utilization [5]. However, due to seasonal variations
and the diurnal cycle, freeze-thaw damage is unavoidable in
coal mining. There have been episodes of low temperatures
below 0°C in the past 8 months at the Xinjiang Beitashan
Pasture Open-Pit Coal Mine [6]. In open-pit coal mines,
bench blasting is the primary method of production. The
intensity of blasting steadily increases in high-intensity min-
ing conditions. According to real measurements, the stress
wave produced by blasting may cause strain rates in the
range of 101-103 s-1 in the rock mass [7], which corresponds

to normal high impact dynamic loading. Several investiga-
tions reveal that the mechanical response characteristics
and failure law of rock mass under dynamic stress differ con-
siderably from those under static load [8, 9]. As a result, it is
critical to investigate the dynamic impact test of rock under
freeze-thaw cycles for coal mining in cold regions.

Rock materials are cemented by various mineral parti-
cles, and there are holes and fissures in the process of dia-
genesis. Under the influence of freeze-thaw cycles, the frost
heaving force caused by the transformation of fracture water
into ice is the main damage mechanism of rock freeze-thaw
cycles [10, 11]. The factors affecting rock freeze-thaw
strength mainly include rock type, temperature, water con-
tent, and freeze-thaw cycle times [12, 13]. Scholars at home
and abroad have done a lot of research on changes of static
mechanical properties of rock under freeze-thaw cycles [14,
15]. With the development of coal mining in cold regions,
some scholars have paid attention to dynamic mechanical
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properties of rock under freeze-thaw cycles. Li et al. [16] car-
ried out a dynamic impact test on sandstone after freeze-
thaw cycle, analyzed the change of pore structure after
freeze-thaw cycle by combining with nuclear magnetic reso-
nance technology, and explained the reason of degradation
of dynamic strength. Based on the energy change during
the dynamic failure process of red sandstone, Wang et al.
[17] proposed an analysis method of damage evolution pro-
cess after freeze-thaw cycles. Zhou et al. [18] carried out
nuclear magnetic resonance (NMR) and dynamic compres-
sion tests on the frozen and thawed sandstone. The results
showed that the dynamic elastic modulus and peak strength
of sandstone decreased with the increase of freeze-thaw
cycles, and the relationship between porosity and dynamic
peak strength was polynomial. Ma et al. [19] carried out
dynamic compression tests on sandy mudstone and mud-
stone with different freeze-thaw cycles. The results showed
that the compressive strength decreased logarithmically with
the increase of freeze-thaw cycles. Lu et al. [20] verified the
influence trend of damage effect on the compressive strength
of concrete by observing the microcrack growth trend. At
present, the research achievements in this field mainly focus
on dynamic compression mechanical properties of rock
under freeze-thaw cycles. However, the actual underground
environment is often intricate, and water-rock interaction
has become a problem that cannot be ignored in geological
engineering. Existing scholars have done related research
on water-rock interaction, for example, Liu et al. [21, 22]
and Yu et al. [23] have done related research on the perme-
ability of rock fissures. But obviously these studies are far
from enough. Groundwater, as the main factor affecting
freeze-thaw cycle, contains different ionic components and
pH. It is a complex hydrochemical solution. Under the
action of freeze-thaw cycle, ground water produces frost
heaving force and corrodes rocks in varying degrees. There-
fore, not only freeze-thaw cycles but also water-rock interac-
tion should be considered in rock mass engineering in cold
regions.

In recent years, the mechanical properties of rock under
freeze-thaw cycles and water-rock interaction have been
concerned by scholars all over the world. Han et al. [24] ana-
lyzed the variation of mechanical properties of sandstone
under different chemical solutions and freeze-thaw cycles.
They concluded that strong alkaline solution can inhibit
the freeze-thaw damage of sandstone when the freeze-thaw
cycles were less than 25. Han et al. [25] quantitatively ana-
lyzed the damage degree of mechanical properties of sand-
stone under freeze-thaw cycles and different chemical
solutions. Yang et al. [26] studied the damage effect of the
mechanical properties of quartz sandstone, quartzite, and
four different chemical solutions under the action of
freeze-thaw cycles and verified it by analyzing the micro-
structure damage mechanism with scanning electron micro-
scope (SEM). Gao et al. [27] studied the influence of the
chemical environment and freeze-thaw cycle coupling on
the damage characteristics of red sandstone. Qu et al. [28]
and Li et al. [29] established damage evolution models,
respectively, for the mechanical properties of sandstone
under chemical corrosion and freeze-thaw cycles. Zhang

et al. [30] studied the degradation of mechanical properties
of sandstone under rapid freeze-thaw cycles and chemical
corrosion and further studied the variation of rock splitting
tensile strength and point load index with freeze-thaw cycles
by using the attenuation function model. However, the cur-
rent research results mainly focus on the study of static
mechanical properties of rocks under freeze-thaw cycles
and water-rock interactions. There are few studies on
dynamic mechanical properties of rocks under freeze-thaw
cycles and water-rock interaction. Under such background,
this paper will study dynamic mechanical properties of rocks
under freeze-thaw cycles and water-rock interaction, hoping
to provide references for further related research.

In this paper, HCl solution will be used to simulate the
hydrochemical environment of rock samples. Dynamic
compression tests will be carried out on sandstone samples
with different concentrations of HCl solutions under
freeze-thaw cycles. The influence of varying concentrations
of HCl solutions and freeze-thaw cycles on the strength
and deformation properties of sandstone samples will be dis-
cussed, as well as the effect of strain rate. In order to accu-
rately analyze the micromechanism change of samples, X-
ray diffractometer (XRD) and scanning electron microscopy
(SEM) will be used to analyze the mineral composition, var-
iation, and internal damage of samples.

2. Materials and Methods

2.1. Preparation of Test Materials and Samples. The sand-
stone samples selected in this test were taken from a coal
mine slope in Xinjiang, China. The main components are
quartz, kaolinite, and muscovite. The longitudinal wave
velocity of the sample is 1.7 km/s, the density is 2.14 g/m3,
and the static compressive strength is 14.7MPa. According
to the requirements of rock mechanics testing regulations,
rock samples were cut into Φ 50 × 25mm cylindrical stan-
dard specimens. After that, specimens were ground to
ensure that the parallelism of the end face was less than
0.05mm and the flatness was less than 0.02mm [31].

In order to study the effect of acid corrosion of ground-
water on mechanical properties of sandstones in cold
regions, four concentrations of HCl solutions (0mol/L,
0.01mol/L, 0.1mol/L, and 1mol/L) were selected. After the
solution preparation was completed, we used a high-
precision pH detection pen to measure the pH value of the
solution. The corresponding pH values were 7.0, 5.8, 3.2,
and 1.1, respectively. Considering the time effect of initial
compressive strength and chemical corrosion, 10 freeze-
thaw cycles were carried out for all rock samples. Firstly,
the specimens were dried in the drying oven. Then, the sam-
ples were immersed in HCl solutions. Finally, put the sample
and solution into the freeze-thaw tester shown in Figure 1
for freeze-thaw cycles. According to the China Meteorologi-
cal Administration, the annual minimum temperature is
about −20°C, and the maximum temperature is about
20°C. Therefore, we set the freeze-thaw cycles temperature
to -20°C. Each cycle lasted about 4 hours, and the number
of cycles was 10 times.
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2.2. Test System. The split Hopkinson pressure bar (SHPB)
device was the main test equipment. The variable cross-
section SHPB test device with a diameter of 50mm was
adopted, as shown in Figure 2. The device consists of trans-
mitter, pressure bar, energy absorption device, signal acqui-
sition system, and signal processing system. The principle of
the test was mainly to measure the incident wave, reflected
wave, and transmission pulse in the transmission rod by
using the strain gauge. Then, based on the assumption of
one-dimensional stress wave and stress uniformity, the
stress-strain relationship of the test sample was calculated
by using the three-wave method in Equation (1) [32].

σ = A
2A0

E εi + εr + εtð Þ,

ε = c0
l0

ðt
0
εi − εr − εtð Þdt,

_ε = c0
l0

εi − εr − εtð Þ,

8>>>>>>>><
>>>>>>>>:

ð1Þ

where E is Young’s modulus of bars; c0 is the elastic wave
velocity in the pressure bar; εi, εr , and εt are the strain in the
bar corresponding to the incident wave, reflected wave, and
transmitted wave, respectively; l0 and A0 are the original
length and cross-sectional area of the sample, respectively;
and A is the cross-sectional area of the pressure bar.

2.3. Test Process. In the process of SHPB test, the prepared
sample was taken out from the freeze-thaw test instrument
and dried and then installed between the incident bar and
the transmission bar to ensure that the sample was coaxial
with the incident bar and the transmission bar. Subse-

quently, the SHPB tests were carried out under four impact
pressures (0.3MPa, 0.4MPa, 0.5MPa, and 0.6MPa). After
the tests, the incident wave, reflected wave, and transmitted
wave signals were recorded by the strain gauge.

Dynamic stress equilibrium is the premise to verify the
validity of SHPB test [33]. It can be seen from Equation
(2) that the dynamic force at the incident bar was propor-
tional to the sum of the incident wave and the reflected
wave, and the dynamic force at the transmission bar was
proportional to the transmitted wave. Figure 3 shows the
dynamic stress balance process of the concrete test. It could
be found that the sum of the strains corresponding to the
incident wave and the reflected wave was approximately
equal to the strain corresponding to the transmitted wave,
while the cross-sectional area and Young’s modulus of the
bar remained unchanged. Therefore, the test could meet
the dynamic stress equilibrium.

F1 = AE εi + εrð Þ,
F2 = AEεt ,

(
ð2Þ

where F1 is the force on the incident bar and F2 is the
force on the transmission bar.

3. Experimental Results and Analysis

In order to reduce the dispersion, three effective tests were
carried out under each test condition. According to the prin-
ciple of SHPB test, the three-wave method is used for data
processing. The average compressive strength, average elas-
tic modulus, average strain rate, and other mechanical
parameters of sandstone samples under different

Control panel

Sample

Control panel

Programmable temperature &
freeze-thaw box

Split hopkinson pressure bar of
50 mm diameter

Electric drying oven with
forced convection

Figure 1: Experimental devices.
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concentrations of HCl solution and freeze-thaw cycle are
obtained, as shown in Table 1.

3.1. Variation of Dynamic Stress-Strain Curves. The typical
dynamic stress-strain curve of sandstone specimen is shown
in Figure 4. Under the action of impact loads, sandstone
mainly experienced the following deformation stages: (I) ini-
tial compaction stage, (II) linear elastic deformation stage,
(III) plastic deformation stage, and (IV) failure stage.

Figure 5 shows the stress-strain curves of sandstone sam-
ples subjected to SHPB dynamic compression test under the
coupling effect of HCl solutions with various concentrations
and freeze-thaw cycles. Compared with Figure 3, it can be
seen that variation characteristics of the stress-strain curves
are as follows:

(1) The stress-strain curves of various concentrations of
HCl solutions under freeze-thaw cycles had obvious
compaction stages. When the pH value decreased
from 7.0 to 1.1, the compactness of the prepeak
region increased gradually. As the pH value
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Figure 2: Split Hopkinson pressure bar of 50mm diameter.
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Figure 3: Strain balance check for a typical dynamic compression
test.

Table 1: Test results of samples at different pH values and impact
speeds.

No. pH v (m·s-1) _ε (s-1) σd (MPa) εd (10-3) E (GPa)

1 7.0 5.5 66.2 33.6 16.4 1.4

2 7.0 6.0 89.5 34.1 16.9 1.3

3 7.0 7.0 120.3 35.9 17.3 1.33

4 7.0 7.8 133.5 38.5 17.9 1.5

5 5.8 5.5 71.8 32.8 17.5 1.08

6 5.8 6.0 97.1 33.3 18.1 1.22

7 5.8 7.0 107.7 35.0 18.7 1.23

8 5.8 7.8 142.6 37.4 19.1 1.28

9 3.2 5.5 68.4 30.1 19.9 0.87

10 3.2 6.0 86.6 31.9 20.6 0.91

11 3.2 7.0 118.3 34.1 21.0 1.05

12 3.2 7.8 147.7 37.1 22.1 0.99

13 1.1 5.5 75.9 28.8 22.4 0.76

14 1.1 6.0 93.1 30.9 23.6 0.78

15 1.1 7.0 115.3 33.3 24.3 0.75

16 1.1 7.8 145.6 36.2 25.0 0.80

St
re

ss

Strain

I

II

III IV

Figure 4: Typical dynamic stress-strain curve.
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decreased, the internal corrosion of the sandstone
increased. And the pores and fissures gradually
expanded, which further increased the degree of
compaction

(2) The stress-strain curves of each concentration of
HCl solution had obvious linear elastic stages. In
the prepeak region, the proportion of linear elastic
deformation decreased to a certain extent with the
increase of the solution concentration. When the
pH value was 1.1, the proportion was the smallest.
Thus, with the decrease of pH value, the influence
of impact loads on the linear elastic deformation of
sandstone became smaller

3.2. Variation of Dynamic Compressive Strength. Figure 6
shows the spatial surface characterizing the compressive
strength σd to describe the coupling effect of pH and strain

rate on the compressive strength. It can be seen from the fig-
ure that σd is positively correlated with the pH value and
also positively correlated with strain rate. Figure 7 shows
the relationship between the dynamic compressive strength
of sandstone samples with the pH value and strain rate
under the coupling effect of different concentrations of
HCl solutions and freeze-thaw cycles. It can be found that

(1) The dynamic compressive strength of sandstone
samples increased with the increase of strain rate
under the coupling effect of the same concentration
of HCl solution and freeze-thaw cycle. At pH of
7.0, as the strain rate increased from 66.2 s-1 to
133.45 s-1, the compressive strength increased by
14.6%. At pH of 1.1, as the strain rate increased from
75.85 s-1 to 145.6 s-1, the compressive strength
increased by 25.7%. Equation (3) shows the linear
fitting relationship of compressive strength with
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Figure 5: The dynamic stress-strain curves of the specimens with variation concentrations of hydrochloric acid solution affected by
variation loading rates.
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strain rate. As the pH value of the solution
decreased, the slope of the linear fitting equation
gradually increased. It showed that the dynamic
compressive strength of sandstone samples became
more sensitive to strain rate as the pH value
decreased

(2) As the pH value of the HCl solution decreased, the
dynamic compressive strength of the sample
decreased successively. Specifically, when the strain
rate is in the range of 66.2 s-1 to 75.9 s-1, the com-
pressive strength increased by 16.9% with the
increase of pH value from 1.1 to 7.0. When the strain
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Figure 6: Coupling effect of the pH value and strain rate on compressive strength.
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rate is in the range of 133.5 s-1 to 147.7 s-1, the com-
pressive strength increased by 6.6% with the increase
of pH value from 1.1 to 7.0. Equation (4) shows the
linear fitting relationship of compressive strength
with the pH value. As the strain rate increased, the
slope of the linear fitting equation gradually
increased. It showed that the dynamic compressive
strength of sandstone samples became less sensitive
to the pH value as the strain rate increased

σd =

2:86 × 107 + 6:79 × 104 _ε, R2 = 0:86,
2:75 × 107 + 6:83 × 104 _ε, R2 = 0:93,
2:43 × 107 + 8:57 × 104 _ε, R2 = 0:99,
2:24 × 107 + 10:52 × 104 _ε, R2 = 0:99,

8>>>>><
>>>>>:

ð3Þ

σd =

2:77 × 107 + 8:55 × 104pH, R2 = 0:99,
3:03 × 107 + 5:34 × 104pH, R2 = 0:99,
3:28 × 107 + 4:25 × 104pH, R2 = 0:98,
3:58 × 107 + 3:52 × 104pH, R2 = 0:90:

8>>>>><
>>>>>:

ð4Þ

3.3. Variation of Dynamic Peak Strain. Figure 8 shows the
spatial surface characterizing the peak strain εd to describe
the coupling effect of pH and strain rate on the peak strain.
It can be seen from the figure that εd is positively correlated
with strain rate and negatively correlated with pH. Figure 9
shows the relationship between peak strain and strain rate
of sandstone samples under different concentrations of
HCl solutions coupled with freeze-thaw cycles. It can be
found that

(1) Equation (5) is the linear fitting relationship between
the peak strain and the strain rate. It can be seen that
the strain rate had a certain influence on the peak
strain of the sample under the coupling effect of dif-
ferent concentrations of HCl solutions and freeze-
thaw cycles. With the increase of strain rate, the peak
strain of each concentration increased linearly.
When pH = 7:0, as the strain rate increased from
66.2 s-1 to 133.45 s-1, the peak strain increased by
9.1%; When pH = 1:1, as the strain rate increased
from 75.85 s-1 to 145.6 s-1, the peak strain increased
by 11.6%. It showed that as the pH value decreased,
the sensitivity of peak strain to strain rate increased

(2) The dynamic peak strain of the sample decreased
with the increase of the pH value of HCl solution.
When the strain rate is in the range of 66.2 s-1 to
75.9 s-1, the peak strain decreased by 26.7% with
the increase of pH value from 1.1 to 7.0. When the
strain rate is in the range of 133.5 s-1 to 147.7 s-1,
the peak strain decreased by 28.4% with the increase
of pH value from 1.1 to 7.0. Equation (6) shows the
linear fitting relationship of peak strain with the
pH value. As the strain rate increased, the slope of
the linear fitting equation gradually increased. The

results show that the dynamic peak strain of sand-
stone samples became more sensitive to the pH value
at a high strain rate. In addition, as the strain rate
increases, the increase rate of the slope of the fitting
equation gradually decreases and finally tends to
-1.14

εd =

1:50 × 10−2 + 2:13 × 10−5 _ε, R2 = 0:94,
1:59 × 10−2 + 2:28 × 10−5 _ε, R2 = 0:95,
1:82 × 10−2 + 2:57 × 10−5 _ε, R2 = 0:96,
1:99 × 10−2 + 3:57 × 10−5 _ε, R2 = 0:92,

8>>>>><
>>>>>:

ð5Þ

εd =

2:36 × 10−2 − 1:05 × 10−3pH, R2 = 0:99,
2:46 × 10−2 − 1:12 × 10−3pH, R2 = 0:99,
2:51 × 10−2 − 1:14 × 10−3pH, R2 = 0:98,
2:61 × 10−2 − 1:14 × 10−3pH, R2 = 0:99:

8>>>>><
>>>>>:

ð6Þ

3.4. Variation of Dynamic Modulus of Elasticity. In order to
describe the coupling relationship between the pH value and
strain rate on elastic modulus, Figure 10 shows the spatial
surface characterizing elastic modulus E. It can be seen from
the figure that E is linearly correlated with the pH value and
shows certain nonlinear characteristics with strain rate.
Figure 11 shows the relationship between dynamic modulus
of elasticity and strain rate of sandstone samples under dif-
ferent concentrations of HCl solutions and freeze-thaw
cycles.

(1) When the the pH value was 7.0, the dynamic elastic
modulus first decreased and then increased with the
increase of strain rate. When the pH value decreased
from 5.8 to 1.1, the dynamic elastic modulus varied
little with the increase of strain rate. Therefore, the
strain rate had no obvious effect on the dynamic
elastic modulus under the coupling effect of different
concentrations of HCl solutions and freeze-thaw
cycles

(2) With the decrease of the pH value, the dynamic elas-
tic modulus decreased obviously. Equation (7) shows
the linear fitting relationship of elastic modulus with
pH value. As the strain rate increased, the slope of
linear fitting equation first decreases and then
increases. When the strain rate ranges from 66.2 s-1

to 75.9 s-1, 86.6 s-1 to 97.1 s-1, 107.7 s-1 to 120.3 s-1,
and 133.5 s-1 to 147.7 s-1, the elastic modulus
increased by 83.7%, 67.6%, 78.4%, and 87.9%respec-
tively, with the increase of the pH value from 1.1 to
7.0. The results show that when the strain rate ranges
from 86.6 s-1 to 97.1 s-1, the sensitivity of dynamic
elastic modulus to pH value is the lowest. After that,
with the increase of strain rate, the sensitivity of
dynamic elastic modulus to the pH value increased

7Geofluids



E =

5:98 × 108 + 1:01 × 108pH, R2 = 0:89,
6:55 × 108 + 9:36 × 107pH, R2 = 0:98,
6:8 × 108 + 9:53 × 107pH, R2 = 0:97,
6:46 × 108 + 1:16 × 108pH, R2 = 0:98:

8>>>>><
>>>>>:

ð7Þ

4. Mesomechanism of Dynamic Mechanical
Properties of Sandstone

The above test results showed that the strength and deforma-
tion characteristics of sandstones changed significantly under
the coupling effect of different concentrations of HCl solutions
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and freeze-thaw cycles, and the damage evolution of rock mate-
rial mechanical properties was closely related to the change of
microstructure. Therefore, in order to accurately analyze the
hydrochemical effect, X-ray diffractometer (XRD) and scanning
electronmicroscopy (SEM)were used to confirm the changes of
mineral composition andmicrostructure damage of samples, so
as to verify the change law of rock mechanical properties.

4.1. Variation Law of Sandstone Composition. In order to
determine the influence of HCl solution on the composition
change of sandstone, X-ray diffraction was used to analyze
the samples. Figure 12 shows the X-ray diffraction pattern
of the sandstone corroded by various concentrations of
HCl solutions. The main components of the samples in this
test are quartz, kaolinite, and muscovite. Figure 13 shows the
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variations of mineral composition Wt with pH value. The
results are as follows.

The pH value of solution, the composition of solute, and
the internal structure of rock are the main factors affecting
the chemical corrosion of rock. In this paper, HCl solution
is used to affect the chemical corrosion of the same sand-
stone after the same number of times. Therefore, the pH
value of the solution is the main reason affecting the chem-
ical corrosion of rocks. According to the XRD test results,
the main components of the main possible chemical reac-
tions of various mineral components in sandstone affected

by HCl solution are shown in formula (8)–(11), which can
be found in Liu et al. [34] and Lin et al. [35].

(1) The content of quartz in the sandstone was much
greater than other mineral compositions, and
78.1% was in distilled water. In the range of pH7.0
to 3.2, quartz content was relatively stable, showing
a gradual upward trend. It increased from 78.1% to
83.7%, with a growth rate of 7.17%. When the pH
value decreased to 1.1, it rose sharply from 83.7%
to 92.4%, with the increase rate of 10.39%. The above
situations might be caused by the hydrochemical
reaction of quartz in distilled water and HCl
solution:

SiO2 + H2O⟶H4SiO4 ð8Þ

SiO2 + H+ ⟶ Si4+ + 2H2O ð9Þ

(2) Kaolinite was one of the main mineral content, and
15.2% was in distilled water. With the decrease of
pH value, the content of kaolinite decreased gradu-
ally. In the range of pH7.0 to 3.2, it decreased from
15.2% to 10.4%, and the rate of decline was 31.58%.
When the pH value decreased to 1.1, it decreased
from 10.4% to 5.4%, with a decrease rate of 48.08%.
The results showed that when the pH value
decreased to 1.1, the content of kaolinite decreased
significantly. The following chemical reactions
occurred in kaolinite affected by HCl solution:

10 20 30 40 50 60 70

0

50000

100000

150000

200000

250000

300000

350000

400000

In
te

ns
ity

 (a
.u

.)

Quartz
Muscovite
Kaolinite

2θ (degree)

(d) 1 mol·L-1pH = 1:1

Figure 12: Mass fraction of sandstone component as it varies with the solution concentration.

7 6 5 4 3 2 1
0

20

40

60

80

100

pH

Quartz
Kaolinite
Muscovite

W
t (

%
)

Figure 13: Variation curves of main mineral components with pH
value.

11Geofluids



Al2Si2O5 OHð Þ4 + 6H− ⟶ 2Al3+ + 2SiO2 + 5H2O ð10Þ

(3) The content of muscovite occupied the third place of
the main mineral content, and 6.6% was in distilled
water. Similarly, within the pH range of 7.0 to 3.2,
the content of muscovite had little change, showing
a slow downward trend. When the pH value

decreased to 1.1, it decreased significantly from
5.9% to 2.2%, with a decrease rate of 62.71%. The fol-
lowing chemical reactions occurred in muscovite
affected by HCl solution:

KAl3Si3O10 OHð Þ2 + 10H− = 3Al3+ + 3SiO2 + K+ + 6H2O
ð11Þ

Irregular mineral
grains

Prismatic
edge

(a) Sandstone—natural state

Pore enlargement

(b) Sandstone—F-T cycles

The pores are filled with
mineral particles

The crystal surface
is corroded

The edge of the prism
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(c) Sandstone—pH = 5:8, F-T cycles

Fracture extension

Smooth surface

(d) Sandstone—pH = 3:2, F-T cycles

Loose mineral
particles

(e) Sandstone—pH = 1:1, F-T cycles

Figure 14: Sandstone microscopic images under different test conditions.
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Under the operation of freeze-thaw cycles, HCl solution
has a considerable effect on sandstone samples. The funda-
mental reason for this is because during the freezing process,
the solution in the pores expands after reaching the freezing
point, causing pore fractures to form, and the expansion coef-
ficients of mineral particles differ. It is also the cause of pore
crack propagation. The contact area between the HCl solution
and the mineral particles is increased after dissolution owing
to the widening of pore fissures, and the chemical damaging
impact is intensified. The sample is mainly composed of
quartz, kaolinite, and muscovite. The chemical properties of
quartz were relatively stable, and the hydrochemical effect
was not obvious. With the increase of the concentration of
HCl solution, the proportion of quartz content showed an
increasing trend. Therefore, it could be seen that the hydro-
chemical reaction of quartz in distilled water and HCl solution
was not the main factor for the significant change in its con-
tent. According to Equations (10) and (11), kaolinite andmus-
covite gradually decomposed and produced free SiO2 particles
under the corrosion of HCl solution. With the progress of
hydrochemical reaction, the proportion of kaolinite and mus-
covite gradually decreased, and free SiO2 particles were pro-
duced, making the proportion of quartz increase. With the
deepening of hydrochemical reaction, the pore structure of
the sandstone sample was destroyed, and the cementation
between internal minerals became weak. With the decrease
of pH value, the hydrochemical effect was strengthened, espe-
cially when the pH value decreased from 3.2 to 1.1. It showed
that the mesomechanism of sandstone sample was consistent
with the mechanism of mechanical properties.

4.2. Variation Law of Sandstone Microstructure. Mineral
particles, cements, and pores are the fundamental compo-
nents of rocks, and they also govern the macroscopic
mechanical characteristics of rocks. The microstructure
properties of sandstone were acquired using scanning elec-
tron microscope study of sandstone samples, as illustrated
in Figure 14. The interior microstructure of the sample had
changed significantly as a result of the coupling effect of
the freeze-thaw cycles and the HCl solutions, as seen below:

(1) Microstructure of sandstone in natural state and
freeze-thaw cycles state

In the natural state, there are some pores in the sand-
stone sample but the overall density is dense. There were
many mineral crystal particles with uneven size and irregu-
lar distribution, but the degree of cementation between the
particles was better. At the same time, the crystal surface
was rough in the natural state. However, the internal cemen-
tation of the sandstone sample after the freeze-thaw cycles
was weakened and the pores were enlarged and the surface
was rougher.

(2) Microstructure of sandstone under freeze-thaw
cycles and HCl solution corrosion

The irregular mineral particles inside the sample began
to diminish as the pH reached 5.8. The surface looked to

be eroded under the impact of the HCl solution. Simulta-
neously, the pores were filled with mineral particles, and
the prismatic edge of the crystal began to dissolve. When
the pH reached 3.2, the surface fractures began to grow
and join to one another. The crystal particles deposited at
the pore fractures grew, and the cementation between the
crystal particles diminished gradually. When the pH was
reduced to 1.1, the pores expanded substantially and the
crystal volume shrank dramatically.

5. Conclusions

In this paper, the dynamic compression tests of sandstone
samples corroded by HCl solutions of varying concentra-
tions were performed using the SHPB system under four dif-
ferent impact loads over the same freeze-thaw cycles. The
materials’ composition and microstructure were examined
using an X-ray diffractometer (XRD) and scanning electron
microscopy (SEM). Based on the preceding analysis, the
conclusions are reached:

(1) Under the coupling effect of freeze-thaw cycles and
different concentrations of HCl solutions, the
dynamic stress-strain curves of sandstone samples
experienced four stages: initial compaction stage, lin-
ear elastic deformation stage, plastic deformation
stage, and failure stage. With the decrease of pH
value, the compaction stage gradually increased and
the linear elastic deformation stage gradually
decreased in the prepeak region

(2) In the same dynamic load, the pH value has a posi-
tive linear correlation with dynamic compressive
strength and dynamic elastic modulus and a negative
linear correlation with dynamic peak strain. With
the increase of strain rate, the sensitivity of dynamic
compressive strength and dynamic peak strain to the
pH value increased. When the strain rate ranges
from 86.6 s-1 to 97.1 s-1, the sensitivity of dynamic
elastic modulus to the pH value is the lowest. After
that, the dynamic elastic modulus increases with
the increase of the strain rate. In the same concentra-
tion of HCl solution, the dynamic compressive
strength and dynamic peak strain increased linearly
with the increase of strain rate. With the decrease
of the pH value, the sensitivity of dynamic compres-
sive strength and dynamic peak strain to strain rate
increased. However, the change of elastic modulus
with strain rate was not obvious

(3) The findings of X-ray diffraction revealed that when
the pH value declined, the quantity of quartz, the
primary component, increased while the concentra-
tions of kaolinite and muscovite, the subsidiary com-
ponents, decreased. The concentrations of quartz,
kaolinite, and muscovite altered dramatically when
the pH was decreased to 3.2. The corrosion of HCl
solution affected the content of each mineral compo-
nent dramatically, which modified the mechanical
characteristics of sandstone
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(4) The particles in the crystal were impacted by the
frost heaving force as a result of the freeze-thaw
cycles, and pores and cracks formed. The internal
mineral content of the sample and the HCl solution
interacted with each other, resulting in the formation
of pore fractures. The internal structure loosened,
and the cementation deteriorated. Finally, the
mechanical characteristics of sandstone were signifi-
cantly reduced
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