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In order to study the deterioration characteristics of the tunnel surrounding rock under the
scouring of flowing groundwater, we ratioed similar acidic solutions based on groundwater
composition. The microstructure of granite samples cored on site, deformation features,
and evolution characteristics of mechanical parameters under saturations with different
flow rates and various pH values were analyzed using scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), nuclear magnetic resonance (NMR), and
X-ray diffraction (XRD). The results indicate the following: 1) compared with the static water
condition, the higher flow rate produces greater relative changes in granite’s
microstructure, porosity, mass, and pH of the immersed solution. Moreover, the rate
of change is relatively fast in the early stage and gradually slows down until it reaches a
stable state. 2) Compared with the natural dry condition, the solution with a lower pH value
causes the structural framework of the specimen to loosen, the mass loss degree to
increase, and the porosity dispersion to intensify. 3) The dynamic water is more sensitive
than the static water to the elastic vertical wave velocity of granite. Compared with the dry
sample, the elastic longitudinal wave velocity of the sample in acidic solution with pH = 2
and flow rates of 0, 150, and 300mm·s−1 for 49 days decreased by 8.7, 10.9, and 13.5%,
respectively, which accelerates the instability and failure of the granite surroundings.

Keywords: granite surroundings, rock mechanics parameters, effect of solution velocity, hydration corrosion,
damage mechanism

1 INTRODUCTION

The surrounding rock in underground engineering has been longtime damaged and degraded by
various physical and chemical actions (Dong et al., 2020; Liu et al., 2020; Bai et al., 2021; Zhao et al.,
2021b). For instance, during groundwater flow, the rock mass will not only happen to softening,
migration, argillization, and other physical effects but produce the chemical reaction such as ion
exchange, dissolution, and hydrolysis, which will bring about the changes in overall structure,
mineral composition, and physical properties of surrounding rock and will accordingly deteriorate
its mechanical properties to cause engineering accidents (Bai et al., 2017; Liu et al., 2019; Zhao et al.,
2021b).
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Currently, rich achievements have been made for the
different aqueous chemical solutions to the
macro–microstructure of rocks and physical and mechanical
properties of damage effects. Huang et al. (2021) studied the
changes in chroma, mass, vertical wave velocity, porosity,
thermal conductivity, and tensile strength of granite,
sandstone, and marble induced by chemical erosion and
found that rock materials exhibit varying degrees of changes
in physical and mechanical properties under the action of acidic
solution corrosion. Huo et al. (2018) and Li et al. (2021)
discussed the physical-chemical properties and mechanical
properties of sandstone after saturations in different acid
solutions and established the dynamical model of acid rock
reaction. Through triaxial rheological tests, Xie et al. (2011)
found out that chemical corrosion greatly accelerated the
instantaneous strain rate of limestone under triaxial stress.
Chen et al. (2021) derived the damage evolution equation
and constitutive model of acid-corroded rock under the
coupling effect of freezing–thawing and confining pressure
based on the theory of continuous damage mechanics and
carried out triaxial compression test to further reveal the
damage mechanism and failure law of acid-corroded rock
under the coupling effect of freezing–thawing and confining
pressure. Wang et al. (2021) soaked the granite in nitric acid
with different pH values and analyzed the mechanical properties
of granite under corrosion acid and freeze–thaw cycles by
uniaxial compression and freeze–thaw cycles.

However, the above tests were basically carried out under
static water saturations, ignoring the erosion of underground
rock engineering by longstanding flowing groundwater, and
lacking in-depth discussion on the chemical damage
mechanism and microscopic response mechanism (Zhao et al.,
2017a; Liu et al., 2021b). In this article, based on the ion content of
groundwater in the field, similar solutions with different pH
values (pH = 7, 4, and 2) were mixed. Considering the scouring
action of different velocity environments (v = 0, 150, and
300 mm·s−1), we analyzed the granite surrounding rock of the
tunnel at the water-rich area and chemical damage mechanism of
microstructure, deformation characteristics, and physical
properties under dynamic water environment. The results
from this study are practically significant, which can provide
some theoretical basis for the stability control of the rock mass of
the bridge pile foundation bearing layer and tunnel surrounding
rock at flowing groundwater.

2 LABORATORY TEST DESIGN

2.1 Sample and Solution Preparation
Granite was selected from the surrounding rock of the
Gaoligongshan Tunnel Construction Project (see Figures
1A,B). According to the hydrogeological survey report of
this section, groundwater in this area was abundant and
weakly acidic (pH = 6.24), mainly containing cations such

FIGURE 1 | Preparation process of granite specimens. (A) Geo-tectonic location map of Gaoligongshan Tunnel Construction Project. (B) Coring site. (C)
Surrounding rock cores.
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as Na+, K+, and Mg2+ and anions such as Cl−, SO4
2−, and

HCO3−. In addition, the annual average flow rate was about
150 mm·s−1. Standard cylindrical samples of 50 × 100 mm
(Zhao et al., 2016; Zhou et al., 2020; Dong et al., 2021) were
prepared after drilling and coring of granite (see Figure 1C).
The test synthesized the cations and anions with the largest
percentage of groundwater content in the site and collocated
NaCl solution with pH values of 7, 4, and 2 and a concentration
of 0.01 mol·L−1, respectively (see Figure 2A). Furthermore,
three flow rate environments were simulated: v = 0, 150, and
300 mm·s−1, and different immersion time nodes were set for
follow-up measurements.

2.2 Dynamic Water Scouring Test Design
A hydro-chemical solution scouring device (see Figures 2B,C)
was used to conduct scouring treatment tests on sandstone in
solutions of different pH values and at different flow rates. The

flushing device consists of a solution ware, a diversion
channel, and a self-priming pump. The working principle is
as follows: the solution ware is loaded into the solution, and
the sample is placed and sealed, and the self-priming pump is
operated. The solution circulates between the solution ware,
the diversion channel, and the self-priming pump, and the
flow rate of the solution is determined by the self-
priming pump.

3 LABORATORY RESULTS AND ANALYSIS

3.1 Damage of Granite Under the Effect of
Flowing Acid Solution
3.1.1 Analysis of Microstructure Changes
The macroscopic physical–mechanical state of granite is closely
related to its own microstructure change (Zhao et al., 2017b;

FIGURE 2 |Realization of dynamic water conditions. (A)Diagram for configuration and calibration steps of acidic NaCl solution. (B) Schematic diagram of the water
scouring device. (C) Water chemical solution scouring device.
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Dong et al., 2019; Zhou et al., 2019; Liu et al., 2021a). The test
analyzed the differences in apparent morphological damage and
pore structure of the samples before and after immersion
treatment in acidic hydro-chemical solution with different flow
rates and pH values through scanning with an electron
microscope at a magnification of 500 times. The change in
mineral composition near the pores was tracked using the
electron energy spectrum analysis technology so as to explore
the deterioration degree of granite microstructure under the effect
of flowing acidic solution.

The surface scanning electron microscopy images of granite
samples at different pH values under acidic solution environment
(v = 0 mm·s−1) for 49 days are shown in Figure 3.

After the samples were treated with hydro-chemical solution
at various flow rates (pH = 6.24), the microscopic structure
characterization (× 104 times) is shown in Figure 4.

As v = 150 mm·s−1, the microstructure deterioration of the
sample was more obvious than that in static water (see
Figure 4B). Compared with the low velocity (v = 150 mm·s−1),
the micro-deterioration degree of the sample in the immersion
environment with v = 300 mm·s−1 was stronger (see Figure 4C),
but the deterioration degree was not as significant as the former.

Based on the groundwater flow rate of v = 150mm·s−1 on site, the
scanning electron microscopy at 10,000 times was observed under
this flow rate with each solution rinsing for 49 days (see Figure 5).

Energy dispersive spectroscopy was used to measure the small
area in the scanning image of electron microscope (the random
three red crosses in Figure 5) to obtain the number of atoms and
mass of the main components, and their average values are shown
in Table 1. During saturation in NaCl acidic solution with pH = 4
and 2, a small amount of mineral composition in granite reacted
with H+ ions in the solution, causing some elements to dissolve and
thereby break away from the rock, which resulted in the reduction
of the content of metal elements such as Al, K, and Ca to different
extents (see Figure 5 and Table 1). On top of that, granite is a
porousmediumwith certain absorbability, resulting in the increase
of Na, Cl, and other elements after the effect of NaCl solution.
Under the effect of NaCl solution with pH = 7 and distilled water,
there was no obvious change in the content of main elements.

3.1.2 Porosity Change Analysis
Corrosion and hydrolysis will enable the active minerals to
migrate with the groundwater and will increase the porosity,

FIGURE 4 | Microstructural damage of granite immersed at different solution flow rates. (A) v = 0 mm·s-1 . (B) v = 150 mm·s-1. (C) v = 300 mm·s-1.

FIGURE 3 | Apparent scanning electron microscopy images of granite
under different solution conditions for 49 days. (A) Dry state. (B) pH=7. (C)
pH=4. (D) pH=2.
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which will impact on the pore pressure and permeability of the
granite (Zhao et al., 2021a; Dong et al., 2022). The porosity of the
sample subjected to acidic solution was determined by the
pycnometer bottle test method (Grgic et al., 2022) and nuclear
magnetic resonance (NMR) technique. Three samples were
selected for each solution with different pH values and flow
rates. Figure 6 shows the test results. Porosity was calculated
as follows (Zhao et al., 2019):

n � (ρg − ρd)/ρg × 100%, (1)

where n is the porosity of the rock sample, ρg is the grain density
of the rock sample, and ρd is the dry density of the sample.

Figure 6 indicates that the porosity of the sample increases
exponentially with the decrease in pH of the acid solution.
Compared to the dry sample, the porosity of the samples under
various acidic solution saturations (pH value from high to low)
with the flow rate of 0 had smaller variations, and the growth
rates were 3.5, 9.4, 30.7, and 45.9%, respectively (see
Figure 6A). The average porosity of the treated samples
increased by 4.5, 10.8, 34.1, and 48.3%, respectively, under

TABLE 1 | Comparison of the atomic number and mass content of the main components of granite under the flow rate of v = 150 mm·s−1 with different aqueous chemical
solutions for 49 days.

Parameter O Si C Al K Na Cl Ca

Atom content/% Dry 44.38 20.96 16.10 8.92 4.01 2.76 0.81 1.52
Distilled water 41.52 15.87 19.32 6.05 5.23 4.06 1.10 2.26
pH = 7 49.07 24.03 11.95 7.14 2.96 3.24 1.73 1.36
pH = 4 51.05 15.31 11.01 6.40 3.33 4.56 1.99 1.00
pH = 2 42.26 24.72 21.23 2.46 2.60 3.01 2.69 0.60

Mass content/% Dry 34.48 29.46 9.23 11.85 7.13 3.23 1.30 3.06
Distilled water 31.78 22.05 14.66 10.06 9.45 4.51 3.84 4.45
pH = 7 39.06 30.43 8.06 9.30 4.98 3.72 3.40 2.75
pH = 4 43.09 18.99 5.31 14.10 7.20 4.99 2.83 1.56
pH = 2 32.52 33.93 15.41 3.74 3.96 2.88 5.51 1.00

FIGURE 5 | Energy dispersive spectroscopy analysis of granite under the flow rate of v = 150 mm·s−1 with different aqueous chemical solutions for 49 days. (A)
Natural drying. (B) Distilled water. (C) NaCl solution with pH=7. (D) NaCl solution with pH=4. (E) NaCl solution with pH=2
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different saturations with v = 150 mm·s−1 (see Figure 6B). As
v = 300 mm·s−1, the average porosity increases with 6.4, 13.8,
35, and 51.6%, respectively (see Figure 6C). In addition,
compared with natural drying and distilled water, the
porosity of samples measured by acidic solution had more
obvious dispersion, and the porosity dispersion of v =
150 mm·s−1 was significantly lower than that of v =
300 mm·s−1. There are two reasons: one is the heterogeneity
of the rock sample, and the other is the selective difference of
chemical action on the rock. Given this, the dynamic solution
environment has a certain role in promoting the dispersion of
rock porosity, and when the hydro-chemical solution in which
the rock mass is located has a higher flow rate, the effect is
more obvious.

3.2 Deterioration and Aging Characteristics
of Granite Under Flowing Acid Solution
Physical parameters such as the sample mass and the pH value of
the immersed solution were determined with 7 days as the time
node during the saturation, and measurements were carried out
every day during the first 5 days. After the test, the ion

chromatography was used to measure and analyze the ion
composition and concentration of the chemical solution.

3.2.1 Evolution of Mass Loss
To reduce the random error of test results, the sample was
ventilated for 0.5 h to ensure the same test condition. Under
the effect of water and various flow rates of acidic aqueous
chemical solution, the mass of the sample was reduced
inordinately. The mass damage level of granite was described
by the mass loss factor Dt:

Dt � (m0 −mt)/m0 × 100%. (2)
In Eq. 2, m0 is the original mass of the sample and mt is the

mass of the sample at time t.
Figure 7 shows the mass loss aging characteristic curves of

granite after saturation in four kinds of dynamic aqueous
chemical solutions.

As seen in Figure 7, the mass loss degree of the sample
increased with the decrease in the pH value of the hydro-
chemical solution. Under saturation at the same pH value, the
mass loss degree of the sample with v = 0 mm·s−1 was significantly
lower than that of the sample with v =150 mm·s−1. However, the

FIGURE 6 | Porosity change diagram of granite samples under different flow rates of acid solution. (A) v = 0 mm·s-1 . (B) v = 150 mm·s-1. (C) v = 300 mm·s-1.
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FIGURE 7 | Time-dependent variation curve of rock mass loss during the test process. (A) v = 0 mm·s-1 . (B) v = 150 mm·s-1. (C) v = 300 mm·s-1.

FIGURE 8 | Time-dependent curve of the aqueous chemical solution pH
value in the test process.

FIGURE 9 | Time-dependent variation curve of the granite elastic vertical
wave speed of granite during the test process.
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mass loss degree of the sample with v = 300 mm·s−1 was slightly
higher than that of the sample with v = 150 mm·s−1. In the pH = 2

acidic solution, the granite samples reacted strongly in the acidic
chemical solution with various flow rates at the initial stage (0 ~
5 days), and the active minerals dissolved and formed some
bubbles. The mass loss rate was the highest (0.487, 0.574, and
0.686%, respectively). As the time went on, the chemical reaction
rate gradually slowed down until it became steady.

3.2.2 Law of pH Change With time
Asmentioned earlier, the initial pH of the aqueous solution is the key
factor to influence the corrosion mechanism of granite. The time,
phenomenon, and degree of chemical reaction of the sample during
the test can be directly mirrored by the change in solution pH (Miao
et al., 2016). Figure 8 shows the characteristic curve of the pH value
with time during the immersion of the sample in acidic solution at
various flow rates. In Figure 8, the granite sample produced a weak
chemical reaction in the NaCl solution immersion with pH = 7, and
the measured pH value of the solution ranged from 6.29 to 7.18,

TABLE 2 | Variation in elastic longitudinal wave velocity of granite by different
hydro-chemical solutions.

Test environment Velocity/(mm·s−1) vsp/(m·s−1) vfp/(m·s−1) Ep/%

Distilled water 0 4,516 4,608 −2.04
150 4,443 4,521 −1.77
300 4,310 4,448 −3.20

pH = 7 0 4,497 4,597 −2.23
150 4,426 4,543 −2.63
300 4,643 4,537 2.27

pH = 4 0 3,934 3,736 5.02
150 3,760 3,555 5.47
300 3,801 3,636 4.34

pH = 2 0 3,590 3,279 8.67
150 3,861 3,438 10.94
300 4,028 3,484 13.51

FIGURE 10 | X-ray diffraction results of granite mineral composition before and after different treatment. (A) X-diffraction patterns of granite. (B) Mineral content
percentage/% percentage of major minerals in granite.
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which reflected a good stability. At the beginning of immersion, the
H+ in the solution and the new active minerals in the sample
continually reacted on the granite surface. After corrosion, the
active minerals moved with water flow or dissolved in the
solution, and the pH value of the solution changed obviously.
When v = 300mm·s−1, the change rates of pH = 7, 4, and 2
after soaking for 5 days were −0.4, 33.8, and 38.9%, respectively.
After soaking for 5–6 days, the NaCl solution with pH = 4 was
almost stable, but the change rate of the NaCl solution with pH = 2
decreased gradually from 26%/d (0 ~ 5 days) to 5.7%/d (5 ~ 49 days).
Upon saturation, the pH values of the three aqueous chemical
solutions were basically neutral. “Water–rock Interaction” (WRI)
mainlymanifests as hydraulic and physical actions, and the chemical
corrosion action is nearly inactive.

3.2.3 Time-Dependent Variation in Elastic Vertical
Wave Velocity
The physical properties of rock determine the spread rate of
ultrasonic waves in the rock to a certain extent (Cherblanc et al.,
2016; Weng et al., 2020). The acoustic wave of granite was
measured by an acoustic wave tester at each time node of acid
solution treatment so as to obtain the aging regularity of granite
elastic vertical wave velocity under flowing acidic solution.
Figure 9 shows the measurement result.

From Figure 9, it can be seen that there was no obvious
fluctuation in the granite elastic vertical wave velocity and the
stability was good in the initial stage of the test, when the granite
was immersed in water and NaCl solution with pH = 7. The
elastic vertical wave velocity (vp) of granite samples decreased
significantly in acidic solution with pH of 4 and 2, and it
decreased by 9.1, 8.8, and 14.4% in NaCl solution with pH of
2 with flow rates of v = 0, 150, and 300 mm·s−1, respectively. Then,
there were fluctuations, but the fluctuations gradually slowed
down over time, and the fluctuation cycle presented an increasing

trend over time; vp hardly changed after 5 ~ 7 days of immersion.
As the immersion environment was water and NaCl solution with
pH = 7, vp of a few specimens also fluctuated slightly, but it
showed a smooth rise overall.

Based on the large quantity of research and tests (Ha et al.,
2015; Hao et al., 2015; Cai et al., 2016; Dong and Luo, 2022), the
analysis is as follows: (1) at the initial stage of immersion, the
active oxide contained in the sample in the ideal state reacted with
H+ in the acidic solution, resulting in dissolution pores, an
increase in porosity, and a decrease in wave velocity; the rate
of chemical reaction gradually flattened as the pH value of
solution became neutral, and the saturation rate of rock
increased gradually due to product precipitation and water
absorption. The vp of the sample witnessed a small increase
until it became stable. However, owing to the heterogeneity of
granite and its potential micro-fissures, such micro-fractures may
continue to develop, expand, or initiate new fissures under the
effect of acidic solution. Compared with the environment with v =
0 mm·s−1, the fluctuation of vp was significantly enhanced due to
the water absorption and theWRI brought by low and high speed
immersion environment. Meanwhile, under NaCl solution with
pH = 7, the pores of rocks gradually reached saturation because of
the absorption of water molecules, whereby vp slowly increased.
(2) The saturation of the samples was decreased after extraction
and drying for 49 days after immersion. Comparing the
saturation of water for 28 days, the measured vp of all samples
decreased. EP was used to characterize the variation in elastic
vertical wave velocity, and its expression is as follows:

Ep � (vsp − vfp)/vsp × 100%. (3)
In Eq. 3, vsp is the original elastic vertical wave velocity and vfp

is the elastic P-wave velocity after the test.
The calculation of Ep of the sample treated with acidic solution

is shown in Table 2. In Table 2, the rock saturation increased

TABLE 3 | Content of main mineral components of granite before and after immersion in different aqueous chemical solutions.

Test environment Mass percentage of mineral content/%

Microcline Calcite Mica Quartz Plagioclase Others

Dry condition — 2.6 5.5 43.5 46 2.4
Distilled water — 1.3 6.2 40.3 48.6 3.6
pH = 7 — 2.2 6.6 44 42 5.2
pH = 4 4.6 — 8 47 32.6 7.8
pH = 2 9 — 11 51 20.6 8.4

TABLE 4 | Contents of the main compounds and chemical elements in granite before and after the action of different hydro-chemical solutions.

Test
environment

Mass percentage of the compound and element content/%

SiO2 Al2O3 C CaO K2O Na2O Fe2O3 Cl N TiO2 MgO

Dry condition 62.10 17.20 9.40 3.49 3.33 2.87 0.91 0.69 0.29 0.27 0.19
Distilled water 64.20 15.00 10.13 1.86 3.16 3.99 0.87 0.10 0.22 0.12 0.9
pH = 7 58.20 14.90 8.02 1.43 3.13 3.37 0.67 0.34 0.46 0.29 0.35
pH = 4 65.90 11.90 10.59 0.92 3.01 2.52 0.62 0.51 0.49 0.20 0.26
pH = 2 73.50 8.80 11.60 0.60 2.50 0.50 0.60 1.00 0.60 0.30 0.10
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after the WRI, but its physical properties deteriorated. The causes
are as follows: the reaction of granite active minerals with H+ in
the solution enables the rock to be corroded and dissolved, the
whole structure appears fissured, and the porosity increases,
which leads to the decrease in vp.

4 DISCUSSION ON THE MECHANISM OF
FLOWING ACIDIC SOLUTION
4.1 Variation in Mineral Composition of
Granite
After 49 days of the groundwater velocity (v = 150 mm·s−1) test at
the sampling site, themineral composition profiles of the water and
the samples before and after treatment with each acidic solution
were obtained by X-ray diffraction phase analysis (see Figure 10A).
The mineral composition distribution of the sample was obtained
using Jade software (see Figure 10B) to investigate the mineral
composition and physical properties of the granite under the effect
of acid solution. The mineral content of the sample is shown in
Table 3. In order to improve the accuracy of the quantitative
analysis of the X-ray diffraction results, the contents of the
compounds and elements in all granite samples were
determined by a semi-quantitative test (see Table 4).

According to Figure 10 and Table 3, calcite and plagioclase
increase with acidity, and the contents were reduced to some
extent. The calcite was completely dissolved at pH = 4 and 2, but
the content of mica and quartz was obviously increased, and new
mineral microcline and other impurities were formed in the
reaction process.

4.2 Variation in Ion Concentration in Test
Solution
When reactive minerals in rocks react with chemical solutions, some
elements in rocks enter the solution in the form of ions, and the
salinity of the solution changes accordingly. In order to explore the
damagemechanismof flowing acidic solution on granite, we analyzed
the chemical compounds and mineral components involved in the

hydro-chemical reaction of granite, discussed the mode and degree of
water–rock interaction, and detected the soaked chemical solution by
ion chromatography. The results are shown in Figure 11.

Figure 11 shows that H+ in the immersion solution reacts with
mineral components such as calcite and plagioclase in granite to
form cations such as Fe2+, Fe3+, Ca2+, Al3+, Mg2+, K+, and Na+.
Different mineral components had different perceptions of
chemical environment, leading to significant differences in the
concentration of each ion in the chemical solution. Moreover, the
acidic chemical solution contains 0.01 mol·L−1 NaCl solution, and
the amount of Na+ precipitated out of granite during the reaction
was far less than that of the test solution, so the content variations
of Na+ are not discussed.

In the NaCl solution with pH = 7 and distilled water, there was
almost no chemical reaction of granite, and only some silicate and
carbonate minerals were hydrolyzed, which led to a slight
increase in metal cation concentration. After 49 days of
treatment with NaCl solution with pH = 4, the concentration
of all metal cations substantially increased, which indicated that
the chemical reaction between H+ in solution and active granite
minerals became more and more intense. NaCl solution with pH
= 2 for 49 days contained 547.83 × 10–6 of Ca2+, 7.19 × 10–6 of
Mg2+, and 24.52 × 10–6 of Al3+, indicating that the precipitated
ion concentration was mainly controlled by the initial pH of the
chemical solution.

4.3 Chemical Reaction and Mechanism of
Granite
4.3.1 Chemical Reaction Process of Acidic Solution
With Granite
Tables 3 and 4 show that the mineral composition of granite
includes a small amount of mica and calcite and a large amount of
plagioclase and quartz. These minerals are easily corroded and
hydrolyzed in acidic solutions, and the reaction between calcite
and plagioclase and acid solution is more intense, while the
reaction between quartz and acid solution is weak. The
chemical reactions between acidic solution and the mineral
components of the granite are as follows:

FIGURE 11 | Detection results of ion concentration in aqueous chemical solution after saturation. (A) Ca2+ concentration. (B) Other icon concentration.
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1) Reaction between few mica and H+ ions in solution (Liu et al.,
2018):

KAl3Si3O10(OH)2 + 10H+ → 3Al3+ + 3SiO2 + 6H2O + K+ (4)

2) Significant reaction between calcite and H+ ions in solution
(Zhao et al., 2021c):

CaCO3 + 2H+ → Ca2+ +H2O + CO2 (5)

3) Plagioclase, albite, orthoclase, and anorthite as a series of
components react with H+ ions in acidic solution as follows:

NaAlSi3O8 + 4H+ → Al3+ + 3SiO2 + 2H2O +Na+ (6)
KAlSi3O8 + 4H+ → Al3+ + 3SiO2 + 2H2O + K+ (7)

CaAl2Si2O8 + 8H+ → 2Al3+ + 2SiO2 + 4H2O + Ca2+ (8)

4) Insignificant hydrolysis reaction occurs after quartz comes
into contact with water:

SiO2 + 2H2O → H4SiO4 (9)
Combined with Table 3 and Figure 10A, we can see that after

saturated in NaCl solution with pH = 4 and 2, the calcite in the
sample was almost completely hydrolyzed, the content of plagioclase
decreased significantly, and microcline was produced. The reaction
between acidic solution andmica, quartz, and othermineral reaction
was not obvious; hence, the material consumption was less, and the
mass percentage of Ca2+ precipitated into the solution increased
slightly. The micro-mineral composition of granite is easy to change
under the effect of acid chemical solution, but the change of mineral
composition of the sample is relatively small in the pH = 7 NaCl
solution and distilled water.

4.3.2 Chemical Mechanism of Granite in Flowing
Acidic Solution
1) Chemical mechanism

Based on the principles of chemical kinetics (Lin et al., 2020),
the chemical reactions between the key compounds of granite (see
Table 4) and the acidic solution are as follows:

CaO + 2H+ �� Ca2+ +H2O (10)
Al2O3 + 6H+ �� 2Al3+ + 3H2O (11)
MgO + 2H+ �� Mg2+ +H2O (12)
Fe2O3 + 6H+ �� 2Fe3+ + 3H2O (13)
K2O + 2H+ �� 2K+ +H2O (14)

Na2O + 2H+ �� 2Na+ +H2O (15)
As can be seen fromTable 4 and Figure 11, the content of active

compounds such as CaO, MgO, Al2O3, Fe2O3, Na2O, K2O, and so
on decreased after the flowing acidic solution, which led to the
increase in the concentration of Ca2+, Mg2+, Al3+, Fe3+, K+, and
other metal cations in the solution. Beyond that, in Table 4 and
Figure 11, different mineral components in rock samples had
different sensitivities in acidic environment: the more acidic the
environment, the greater the reaction degree of Al2O3 and CaO. In

addition, the concentration of plasma such as Al3+ and Ca2+

increased greatly in the solution after the reaction stopped. The
chemical reaction between water and NaCl solution with pH = 7
was weak, and the mineral content in granite was hardly invariant.

Therefore, rock and mineral particles produce various “Ion
Exchange (IEX)” under acidic solution, which weakens the
compactness of grain skeleton and causes the deterioration of
its physical and mechanical properties. Besides, some ions escape
with the flowing solution, resulting in the increase of pore size and
quantity of granite internal pores, then occurring to the
accumulation to form defect morphology, and finally changing
the microscopic characterization. The lower the pH value is, the
more significant the chemical damage is.

2) Physical effects

The scour and dissolution of the flowing acidic solution reduce
the cementation between the granite mineral particles and
weaken the friction between the mineral particles. In the
meantime, the pore pressure caused by water entering the
sample impairs the intergranular compressive stress and then
produces a splitting effect on the micropores.

In summary, the chemical disequilibrium between rock minerals
and acid solution contributes to an irreversible thermodynamic
process, and the physical and chemical reactions between rock and
groundwater lead to the deterioration and damage of rock
microstructure and mineral composition, which generates hydrolysis
and dissolution of primary minerals to form new minerals and
components. Moreover, the crystal skeleton and cemented structure
of rock particles degenerate, the porosity expands, the rock porosity
increases, and the strength decreases. Therefore, the coupling effect
between the composition of hydro-chemical solution and the mineral
composition, and the overall structure (such as cracks and pores) of
rock controls the deteriorationmechanism of “water–rock interaction”
(WRI), and the microstructure and meso-composition of granite
change accordingly.

5 CONCLUSION

In light of the aforementioned work, the main conclusions of this
study are as follows:

1) Combined with the SEM and XRD analysis results, the
microscopic structure, mineral composition content, and defect
morphology of the granite samples change after being treatedwith
various flowing acidic solutions. The initial pH value of solution is
the main determinant of chemical corrosion degradation.

2) By observing the test results of damage aging characteristics of
granite, granite tends to be stable after acidic solution corrosion
for a period of time. At this time, the damage aging curves of
sample mass, elastic vertical wave velocity, and chemical
solution pH value gradually stabilize. After the granite was
soaked in NaCl solution with pH = 2 for 49 days, compared
with the low speed (v = 150 mm·s−1, approximate field velocity),
themass damage factor in high speed increased by 8.8% and the
elastic vertical wave velocity decreased by 19.3%.
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3) The granite secondary porosity increases, the specific surface
area increases, the structure tends to be loose, the porosity
increases, and the dispersion becomes more obvious after the
effect of the flowing acidic solution. The lower the pH value of
the solution, the higher the velocity, and the aforementioned
variations are more significant.

4) At an approximate in field velocity (v =150 mm·s−1), the
chemical reaction process between the rock and the acidic
solution and the chemical damage mechanism of the rock are
determined by the composition and properties of the aquatic
chemical solution, as well as the coupling effect between rock
mineral composition and overall structure (such as cracks and
pores).
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