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For the purpose of analyzing the effect of the alkaline solutions on the mechanical property of sandstone impact compression, the
sandstone specimens of coal mine roadway were corroded in NaOH solution with pH 7 (neutral pure water solution) and pH =8,
9, 10, 11, and 12 for 28 d, followed by dynamic compression tests using a separated Hopkinson compression bar test device, and
the microstructural changes of the specimens were measured by SEM electron microscope scanning equipment. The studies
indicate that the degree of damage to the dynamic properties of a sandstone specimen is tightly correlated with the variation of the
pH value of the corrosion solution. The corrosion deterioration effect of the strong alkaline solution is most obvious, followed by
the weak alkaline solution, and the mechanical properties of the sandstone are relatively stable under a neutral solution. The
dynamic compressive strength and dynamic modulus of elasticity of specimens decrease as a quadratic and cubic function,
respectively, with the rising pH of the solution. The dynamic peak strain and average strain rate tend to increase with the increase
in pH, and they are larger than those of the uncorroded specimens. As the pH of the solution rises, the impact damage of the

sandstone specimens intensifies, and the average particle size of the fragments tends to decrease in a quadratic polynomial.

1. Introduction

Due to the continuous development of the world economy
and modern engineering industry, both the development of
mineral resources such as deep oil and natural gas and the
deep burial disposal of highly radioactive nuclear waste, as
well as the construction of rock works such as tunnels and
water conservancy projects, are increasing [1]. The stability
of underground rock engineering is usually affected by high
ground pressure, high seepage flow [2], and high ground
temperature [3]. And the influence of corrosion damage of
groundwater on deep underground engineering has
attracted the attention of many scholars in recent years, and
studies related to static tests of different kinds of rocks under
the action of water-rock chemistry have been carried out. Li

et al. [4] utilized the rock mass AE technology to study the
uniaxial compression destruction degree of red-bedded soft
rocks after being subjected to different acidic pH chemical
solutions. Fu et al. [5] used different pH solutions to soak
rock samples to explore the effect law of chemical solutions
on mechanical properties as well as corrosion mechanism of
brilliant rocks for the mining difficulties caused by the in-
trusion of dense and hard brilliant rocks into coal seams.
Huo et al. [6] combined the uniaxial compression test and
CT scan test to analyze the basic physical characteristics as
well as mechanical property changes of sandstone corroded
by acidic solutions. Ding et al. [7] conducted mechanical
tests on Longmen Grottoes tuff under different chemical
solutions and studied both the strength damage charac-
teristics and solubility properties. Ling et al. [8] conducted
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nonequilibrium flow dynamic corrosion tests on black shale
immersed in acidic aqueous solutions with different pH and
analyzed its deformation and strength characteristic at
different deformation and strength characteristics patterns
during different soaking periods. Miao et al. [9] carried out
static compression mechanical experiments and splitting
experiments on marble after soaking in different acidic NaCl
solutions, comparing and analyzing the strength deterio-
ration, axial deflection characteristics, and destructive effects
of mechanical properties and parameters of granite under
different acidic chemical environments. Shen et al. [10]
completed a triaxial creep experiment in single fissure
granite with simultaneous chemical solution percolation.
The comprehensive response mechanism of single fissure
rocks under a stress-percolation-chemical coupling envi-
ronment was studied. Zhou and Chen [11] conducted
uniaxial mechanical tests and electron microscope scanning
test analysis of granite under different times of erosion by
different acidic solutions. Yuan et al. [12] investigated
sandstone under the fundamentals of chemical thermody-
namics and chemical dynamics. In addition, the energy
evolution and damage characteristics of fractured carbo-
naceous shale subjected to dry-wet circulations were studied.
Liu et al. [13] made intact and fissure dip angles of 30°, 45°,
and 60° charcoal shale and subjected them to triaxial
compression tests under different dry-wet circulations to
investigate their effects on the strength, destruction mode,
and energy evolution of single fissure charcoal shale.

The surrounding rocks of underground projects are not
only eroded by water-chemical solutions but also bear dy-
namic loads such as mechanical digging, blasting excavation,
and seismic impact at the same time [14], which leads to
hidden problems in the construction and stability of rock
works. It can be seen that the dynamics of the rock is also an
important influence on the stability performance and safety
performance in underground rock engineering. While the
separated Hopkinson compression bar test device is widely
used in the tests related to rock dynamic mechanics, Ping
et al. [15] studied the problem of how to select a reasonable
loading waveform in SHPB experiment. Li et al. [16] in-
vestigated the energy dissipation in the impact splitting test
of prefabricated single-nodular rock under high strain rate.
Yuan and Ma [17] analyzed the influence of water content on
the kinetic properties in sandstone after SHPB uniaxial
compression test.

There are relatively few tests on rock mechanics under
coupled chemical-dynamic conditions. Li et al. [18] con-
ducted impact compression experiments on limestone under
erosion in 3 sets of different pH solutions to study its dy-
namic mechanical properties. Zhang et al. [19] investigated a
dynamic tensile mechanical characteristic of limestone with
different times of corrosion by the same acidic solution. Li
et al. [20] carried out dynamic tensile tests on chert under
corrosion in three groups of different acidic solutions and
investigated the relationship between dynamic tensile
strength and specific energy in the specimens. Ping et al. [21]
analyzed the kinetic property changes of the roadway
sandstone under different days of corrosion by strong alkali
solutions.
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Groundwater is generally alkaline, and underground
rockworks are subjected to dynamic load impact damage
effects in addition to experiencing prolonged corrosion
damage by the water-chemical environment [22]. To re-
search the influence of alkaline solution erosion on the
dynamic compression characteristics of sandstone, the tests
in this study configured NaOH solutions of pH 7, 8, 9, 10, 11,
and 12 and placed the sandstone specimens in them for
28 days. Finally, impact compression tests were performed
on sandstone specimens at a constant loading rate using a
50 mm diameter split Hopkinson compression bar experi-
mental setup. Several dynamic mechanical parameters of
sandstone specimens as well as the microlevel corrosion
conditions were analyzed and summarized as influenced by
the pH change of the water chemical solution.

2. Sandstone Specimen Preparation and Impact
Compression Test Procedure

2.1. Corrosion Specimen Preparation. The specimens used in
this study were obtained from sandstone of the roadway of
the Gu Bei coal mine in Huainan City, which had a greyish-
white surface.

To increase the homogeneity of the test, the sandstone
samples selected for the test were obtained from identical
rock. X-ray diffraction (XRD) tests were then performed,
and the mineral composition of the rock samples has been
analyzed against standard PDF cards. The main components
were quartz (Si0,), albite (Na (Si3Al) Og), and kaolinite
(Al,Si,05 (OH) 4), and the molecular formulas of the other
minor constituent minerals were Al,Os, Fe,O3, CaO, Na,O,
K,O, and MgO. The diffraction energy spectrum is shown in
Figure 1.

In accordance with the requirements of the rock dy-
namic properties test protocol [23], the rock has been made
into standard specimens of 50 mm in diameter and 25 mm in
height through three processes of coring, cutting, and
grinding, and control the specimen size error within +2 mm,
the two end surface unevenness error of £0.05 mm, and the
axis allowable error of +0.25° [24]. Twenty one specimens
were made in total and 3 were selected as uncorroded
specimens, while the other 18 have been classified into six
sets and subjected to corrosion tests with different pH
solutions.

Six sets of aqueous chemical solutions with pH 7, 8, 9, 10,
11, and 12 were used in the experiment, as indicated in
Figure 2. Each group of the chemical solution was put into 3
specimens for corrosion, and the corrosion time was 28 d.
PHS-25 digital display acidity meter was used to measure the
pH variation of its solution regularly every day, and all
specimens were removed from the solution after the cor-
rosion test.

2.2. Dynamical Test Device. The SHPB experimental
equipment used for the impact compression test was pro-
vided by the State Key Laboratory of Mining Response and
Disaster Prevention and Control in Deep Coal Mines, which
is indicated in Figure 3.
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FiGgure 1: X-ray diffraction spectrum. (a) Uncorroded. (b) pH=7. (¢) pH=9. (d) pH=12.
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FIGURE 2: Sandstone corroded specimen. (a) pH=7; (b) pH=8; (c) pH=9; (d) pH=10; (e) pH=11; (f) pH=12.

FiGUre 3: SHPB experimental equipment.

The material of the rods is all high-strength 40Cr alloy
steel, whose longitudinal wave speed is 5190 m/s. The in-
cident and transmission rods are 2000 mm and 1500 mm
long, respectively, and both have a 50 mm diameter. The
high-pressure nitrogen gas is released instantaneously to
drive the spindle-shaped bullet impact rod to move at a high
speed for impact loading. In addition, an appropriate
amount of vaseline was applied to both ends of the specimen
to reduce the end-face friction effect.



Based on the fundamental of impact dynamic experi-
ment [25], the three-wave method was used to process all
data obtained from the data acquisition system [26], so as to
calculate the relevant kinetic indicators such as stress o (t),
strain ¢(t), and strain rate £(t) of the rock specimen. The
calculation principle is indicated as

E A
o(t) = 2(1450 [ (1) + &g (1) + &7 ()]
(=" J & () + ex (1) — e (D]t T (1)
S 0

e(t) = % [e1 (1) + &g (£) —&p (1)]
S

where Ay and Ag represent the cross-sectional areas of
compression bar and specimen. ¢ (t), ez (¢), and & ()
represent the incident stress wave, reflected stress wave, and
transmitted stress wave in the moment ¢, respectively. Ey and
Co represent the modulus of elasticity of the compression bar
and the longitudinal wave speed. Ls represent the length of
the specimen; ¢ is the continuation time of the stress wave.

2.3. Solution pH Variation. Starting from the immersion of
all sandstone specimens into the solution, the pH change of
the solution was measured regularly every day using a PHS-
25 digital display acidity meter, and the pH change curve of
each solution with time is shown in Figure 4.

As shown in Figure 5, the pH of the strong alkali solution
(pH =11, 12) decreases continuously and tends to be neutral
as the corrosion time increases; the pH of the weak alkali
solution (pH = 8) increases slightly; the solutions with pH of
9 and 10 change less and level out; while the pH of neutral
pure water decreases slightly and tends to be weakly acidic.
Compared with the weak alkali solution, the concentration
of OH™ in the strong alkali solution is higher, and the
chemical reaction rate with sandstone mineral components
is faster and more fully reacted, resulting in the consumption
of OH™ in the strong alkali solution which is much larger
than that in weak alkali solution; thus, its pH decreases
significantly. In addition, the pH change of each solution has
a time effect. During the pre-water-rock chemistry phase,
some mineral components in sandstone react chemically
with OH™ in solution or hydrolyze with solution, accom-
panied by the consumption of original substances and the
generation of precipitation and other substances, which
leads to a more significant change of solution pH, and during
the late stage of water-rock action, due to the continuous
consumption of some mineral components in sandstone, the
chemical reaction rate decreases; thus, the change of solution
pH is relatively small and tends to level off gradually.

With reference to the previous studies [27-30] and
combined with the mineral composition of sandstone ob-
tained from XRD tests, the equations of water-rock chemical
reactions occurring in different water chemical solutions
tested in this study can be summarized as follows.
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FIGURE 5: Dynamic stress-strain curves on sandstone specimens
under erosion with different pH solutions.

The hydrolysis reactions of some mineral components of
sandstone in neutral pure water solutions occur as shown in
equations (2)-(6):

SiO, + 2H,0 — H,Si0, + H' (2)

Na(Si;Al)Oq + 8H,0 — Na* + Al(OH), + 3H,SiO,

(3)

MgO + H,0 — Mg(OH), (4)
Na,O + H,0 — 2Na" + 20H" (5)
K,0 + H,0 — 2K" + 20H"~ (6)

The main chemical reactions occurring in alkaline solu-
tions with sandstone mineral components are shown in (10):
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SiO, + 20H” — SiO? + H,0 (7)

A" +30H° — AI(OH), | (8)

Ca’* +20H — Ca(OH),| 9)

AlLSi,O5 (OH), + 60H™ + H,0 —> 2A1(OH); + 2Si0, (OH):". (10)

In addition to the above chemical reaction equations,
water-rock chemistry also includes dissolution and disso-
lution, which will likewise lead to an increase in the degree of
microscopic chemical damage in sandstone specimens, thus
causing different degrees of deterioration in their dynamic
mechanical properties.

3. Experimental Discussion and Analysis

3.1. Sandstone Dynamic Stress-Strain Variation. A dynamic
compression test was carried out under a shock air pressure
of 0.50MPa, and the dynamic stress-strain curves of
sandstone specimens were without corrosion and after
corrosion with different pH solutions (see Figure 5).

According to the analysis, the dynamic mechanical
properties in specimens show a deterioration trend after
erosion by different pH solutions, and the greatest decrease
in dynamic compressive strength is after erosion by a strong
alkali solution, and the corresponding breaking strain in-
creases sharply, followed by corrosion by a weak alkali
solution, while the smallest decrease in dynamic compres-
sive strength is after erosion by a neutral solution. After
preliminary analysis, the pH value is a significant factor
affecting the variation of dynamic mechanical parameters of
the rock.

Figures 6 and 7 and Table 1 show the variation of dy-
namic compressive strength and the dynamic peak strain for
the specimens under different pH solution conditions.

The results obtained showed that o4 for the uncorroded
specimens was up to 183.67 MPa. However, g4 of the
sandstone specimens showed a quadratic decreasing trend
after 28d of corrosion treatment by six pH solutions, in
which the strength of the specimens decreased the least by
6.58% after corrosion by neutral solution, while the maxi-
mum decrease was 17.11% at pH 12. The corresponding ¢, of
the sandstone specimens had an increase of 21.34%, 35.30%,
42.15%, 49.99%, 53.14%, and 82.01%, respectively, compared
with the uncorroded sandstone specimens. Clearly, the
growth of ¢, of sandstone specimens under the corrosion of
neutral and weak alkaline solutions is relatively small, and
the growth of &; increases gradually as the alkalinity in-
creases, reaching its peak under the corrosion of strong
alkaline solutions with pH 12. This is because some of the
constituent minerals decompose and produce precipitation
and other substances after chemical reaction under an al-
kaline solution, which leads to the destruction of the original
internal structure and the expansion and increase of the
number of microcracks again, thus showing the deteriora-
tion of 0,4 and the increase of ¢; amplitude.

3.2. Variation of Dynamic Modulus of Elasticity and Average
Strain Rate. The changes in modulus of dynamic elasticity as
well as average strain-rate of the specimens corroded by
different pH solutions are shown in Figures 8 and 9,
respectively.

From Figure 8, E; decreases with increasing pH in a
cubic function, and the higher the pH of the solution, the
greater the decrease. Moreover, the percentage loss of Ej;
value was 5.12%, 5.73%, 6.48%, 13.95%, 18.84%, and 38.45%
after corrosion of specimens with different pH solutions
compared with uncorroded specimens. The reasons are as
follows. As the pH value increases, the solution erosion effect
is enhanced, and the internal microcracks of sandstone
specimens are extended continuously, leading to a gradual
decrease of the resistance to deformation of sandstone
specimens, and the deterioration of impact mechanical
characteristics of specimens in strong alkaline solution
corrosion is more obvious compared with neutral pure water
solution and weak alkaline solution.

From Figure 9, ¢ showed a quadratic polynomial positive
correlation with increasing pH of the solution, as well as the
higher the pH, the larger the rise in ¢&. Moreover, the ¢ rise
values were 1.04%, 3.42%, 10.80%, 20.03%, 28.38%, and
63.78% after the corrosion of specimens with different pH
solutions compared with the uncorroded specimens. It can
be observed that the variation in & of sandstone after cor-
rosion in a neutral solution is small and can be neglected,
while in an alkaline solution, ¢ ; decreases, as well as  rises as
pH increases, which represents a more significant strain-rate
effect.

3.3. Corrosion Microscopic Damage Mechanism of Sandstone
Specimens. Figure 10 shows the SEM electron microscope
scanning test images of the specimens under the corrosion of
different pH solutions.

As it is observed in Figure 10, uncorroded sandstone is
structurally dense with occasional secondary pores. While in
neutral pure water solution, sandstone undergoes just a little
hydrolytic reaction, making the specimen porous. While in
the alkaline surface is relatively smooth, the degree of de-
terioration damage is small. In an alkaline solution, sodium
feldspar and other major mineral components in sandstone
react with OH™ to produce free K and Na*, while a small
amount of AI’* and Ca®" combine with OH™ to produce a
white precipitate, which can be observed in SEM images as a
little white crystal on the surface of sandstone specimens.
And in alkaline solutions with different pH solutions, the
intensity of chemical reactions occurring varies. It can be
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TaBLE 1: Selected dynamic mechanical parameters of some corrosion specimens.

H Specimen Dynamic compressive Dynamic peak strain Dynamic modulus of Average strain rate
P number strength o; (MPa) e,/1073 elasticity E4 (GPa) e(s™h
Uncorroded GB41-19 183.67 8.118 18.463 66.654
7 GB41-03 171.59 9.850 17.518 67.243
8 GB41-06 170.32 10.983 17.404 68.829
9 GB41-07 169.19 11.540 17.267 73.744
10 GB41-12 166.27 12.176 15.888 79.885
11 GB41-13 161.66 12.432 14.985 85.436
12 GB41-17 152.25 14.776 11.365 109.001
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FIGURE 8: Relationship between dynamic elastic modulus and pH. FIGURE 9: Relationship between average strain rate and pH.
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FiGgure 10: SEM images of specimens after corrosion in various pH solutions. (a) Uncorroded. (b) pH=7 (¢) pH=8. (d) pH=9. (¢) pH=10. (f)

pH=11. (g) pH=12.
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FIGURE 11: Impact damage forms of sandstone corroded by different pH solutions. (a) Uncorroded. (b) pH=7. (c) pH=8. (d) pH=9. (e)

pH=10. (f) pH=11. (g) pH=12.

observed that microcracks in the internal structure of
sandstone start to expand after soaking in neutral solutions,
and a small amount of microporosity appears in sandstone
in weakly alkaline solutions. With the enhancement of al-
kalinity, the corrosion phenomenon on the surface of the
specimen becomes more and more serious, and the number
of secondary pores and microcracks inside gradually in-
creases, no longer maintaining the original compact
structure. Therefore, the degree of sandstone damage caused
by erosion of strong alkali solutions is greatest, followed by
weak alkali solutions, and the neutral solution is the least,
which is corroborated with the previous law that the

deterioration of dynamic mechanical properties increases
with the increasing pH value.

3.4. Specimen Impact Damage Forms. As it is observed in
Figure 11, compared with the uncorroded specimens, the
sandstone specimens were less damaged after corrosion by
neutral and weak alkaline solutions, as well as the broken
form was characterized by the basic integrity of the specimen
surface and the presence of fragments of larger size, ac-
companied by a small amount of debris. As the pH value of
the corrosion solution rose from 9 to 12, it was observed that
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TABLE 2: Sieving results of sandstone specimens in broken pieces.
Diameter of sieve hole (mm icle si
pH  Number (mm) Total mass (g) Average particle size
015 03 06 118 236 475 95 132 160 of fragments (mm)
7  GB41-03 021 018 030 025 035 090 371 453  115.62 126.05 15.47
8 GB41-06 0.7 015 032 030 026 348 420 000  121.80 130.68 15.35
9  GB41-07 056 054 081 086 123 325 1022 418  105.08 126.73 14.63
10 GB4l-12 078 075 134 139 341 881 704 1069  88.83 123.04 13.67
11 GB41-13 124 105 164 158 273 1098 1594 1972 7115 126.03 12.79
12 GB41-17 216 189 279 276 544 2226 1793 1023  58.14 123.60 11.00
16 damage to the specimen and the smaller the average grain
diameter size of the fragments.
g
g
3 4. Conclusions
L
°
£ For the purpose of studying the dynamic mechanical
g 2L d =-0.1596(pH)>+2.1475(pH)+8.2929 property changes of sandstone corroded by alkaline solu-
g (R=0.995) tions, solutions with pH 7~12 were prepared to corrode the
z 1t sandstone specimens, and then, the dynamic impact com-
I . . . . . pression test under the same air pressure was carried out
107 8 9 10 11 12 using the SHPB device, and the resulting specimens were
pH sieved to obtain the following three conclusions:

FIGURE 12: Variation of average particle size of sandstone speci-
mens’ fractions with pH.

the integrity of the specimen decreased, and both fracture
plane and fragments increased significantly. As the solution
pH reached 12, the fragmentation pattern in specimens was
mainly small-sized fragments.

Study the extent of damage in rock specimens subjected
to dynamic load impact based on quantitative analysis. The
average particle size of the fragment’s d; [31] was taken as

,- 2, ()

where d; represents the diameter with different grades of
sieve holes, mm, and r; represents the percentage of mass of
crushed pieces relative to d,.

According to China GB/T14685-2011 “pebbles and
gravel for construction” and GB/T14684-2011 “sand for
construction,” 0.15, 0.3, 0.6, 1.18, 2.36, 4.75, 9.5, 13.2, and
16.0 mm square hole sand and gravel sieves were selected,
using Zhejiang Geotechnical Instrument Manufacturing
Ltd. Produced STSJ-4 digital high-frequency vibrating sieve
machine to test pieces of broken pieces of sieving and use the
balance to weigh the mass of its broken pieces under dif-
ferent sieve holes. The statistics of the sieving experimental
results are summarized in Table 2. The variation in average
particle size of sandstone specimens in dynamic compres-
sion test fragments after corrosion with different pH solu-
tions versus pH is shown in Figure 12.

As it is shown in Figure 12, the average particle size of
fragments after impact decreases as a quadratic polynomial
when the pH increases, i.e., the more alkaline the solution is,
the more serious the corrosion damage of the sandstone
specimen is, which results in the aggravation of the impact

(1) As corrosion time extends, the pH value of strong
alkali solution (pH=11,12) decreases continuously
and tends to be neutral; the pH value of weak alkali
solution (pH = 8) increases slightly; the alkaline so-
lution and neutral aqueous solution with pH 9 and
10 change less and are relatively stable.

(2) With the increase of solution pH, o4 and E; of
sandstone corroded specimens presented varying
extent of deterioration, with a maximum decrease of
17.11% and 38.45%, respectively, and ¢, as well as &
increased accordingly. Among them, the kinetic
macroscopic parameters of the specimens deterio-
rated the most after the corrosion of strong alkali
solution and the least after the corrosion of neutral
solution.

(3) The effect of chemical corrosion on sandstone
specimens was strengthened with the rise of solution
pH. The larger the pH, the more serious the impact
damage. The average particle size of specimen
fragments was also reduced, and the average particle
size of fragments showed a quadratic polynomial
decreasing relationship with the rise of solution pH
value.

In this study, only the air pressure of 0.5 MPa was used
for the impact compression experiment of sandstone under
corrosion, while strain-rate effects are commonly found in
the kinetic properties of rocks, so in-depth research and
analysis are still needed in the subsequent tests.

Data Availability

The data supporting the results of this study can be obtained
from the corresponding author upon request.
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