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Acidic fluids will cause rock erosion and further endanger the safety of rock engineering. To
explore the aging characteristics of the mechanical damage under acid condition, diorite
specimens were saturated in neutral water and acid solutions with pH values of 3 and 5 for
49 days. The masses and sizes of the specimens and the pH values of the acidic solution
were tracked and measured. Besides, the specimens before and after saturations were
observed by an electron microscope scanner. Meanwhile, triaxial compression tests were
carried out under neutral water, pH � 5 and pH � 3 hydrochloric acid solutions,
respectively. The mass damage features and mechanical properties of diorite
specimens saturated in solutions with different pH values were analyzed. The results
show: 1) after acidic saturation, the original lamellar structures and crystal forms were
spongy or flocculent. The structure loosened and the boundary between layers became
fuzzy. Meanwhile, the number of micro-cracks and micro-pores increased, which
weakened the macro-mechanical performances of diorite; 2) the acid condition with
pH value of 3 could be used to simulate the long-term effect of the weakly acidic
environment in nature; 3) internal friction angle of diorite was more sensitive to acidic
solutions than its cohesion; 4) at the initial stage of saturation, diorite broke rapidly. With
increasing saturation time, the damage rate slowed down and finally stabilized. The
established damage strength model considering acidification could properly describe
the test results.
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INTRODUCTION

The mechanical properties of rock masses could be affected by water erosion [1–3]. Moreover, the
differences in water fluid chemicals significantly affect their mechanical properties and chemical
composition [4–7]. Compared with distilled water, water chemical fluids produce more intense latent
erosion and molten corrosion, resulting in the overall deterioration and the destruction of the micro-
mechanical structure of the rock mass [8–10]. Subsurface rock mass is subject to groundwater
erosion and thawing. Therefore, the mechanical properties of rock mass are easily influenced by the
external conditions [11–15]. Meanwhile, in various water-related rock engineering constructions,
such as dam foundation, slope, tunnel, and underground mining, it is important to understand the
influence of water erosion on the characteristics of the bearing capacity and deformation of the
structure [11, 12, 16, 17].
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Atkinson et al. [12] and Dunning et al. [14] used distilled
water, inorganic water chemical solution, and organic solution to
research the effects of different water chemical solutions on the
fracture development of single-crystal quartz and glass. Rebinder
et al. [15] analyzed the influence of the water chemical
environment on the mechanical properties of rock mass based
on the Griffith strength theory. Karfakis et al. [18] performed
tensile tests on rocks saturated in different water chemical
solutions and analyzed the influence of different chemical
solutions on the fracture toughness. Feucht et al. [19]
conducted triaxial compression tests on prefabricated
sandstone specimens in NaCl, CaCl2, and Na2SO4 solutions.
They further discussed the effects of different water chemical
solutions on the friction factors of the sandstone crack surfaces.
Hutchinson et al. [20] and Heggheim et al. [21] used HCl, H2SO4

and other diluted solutions to simulate acid rain. Then, they
measured the effect on the determination of the mechanical
parameters of limestone and the damage mechanism.
Moreover, the corrosion resistance and corrosion mechanism
of different types of cement mortar were studied
comprehensively. It is found that the deterioration of samples
of cementing materials under acid rain erosion is mainly due to
the coupling effect of H+ and SO4

2−. Meanwhile, it leads to the
increase of porosity and the loss of weight and strength of
cementing materials [22, 23]. Brzesowsky et al. [24]
investigated the coupling effect of the hydrochemical
environment and the stress state on the creep characteristics
of sandstone under compression. Moreover, by changing particle
sizes in the rock sample, the time-dependent effect of water
chemical environment on rock particle destruction was
proposed. Liu et al. [25] studied the effects of hydrochemical
solutions on the mechanical parameters of sandstone. In the
works of Tang et al. [26–29], the mechanism and quantification
method of rock hydrochemical damage were systematically
discussed. Ding et al. [30, 31] analyzed the damaging effect of
the water chemical solution on the macro and microstructures of
limestone. Furthermore, they quantified the law of water
chemical damage on its mechanical properties. Chen et al.
[32–34] performed uniaxial and triaxial compression tests on
sandstone, granite, and limestone specimens in various solutions.
As a consequence, the dynamic parameters of rocks affected by
corrosion were obtained by applying computed tomography
scanning. According to the fracture characteristics and
evolution law, a chemical damage constitutive model was
established. Using various flow rates and pH values, Miao
et al. [35, 36] performed uniaxial compression, triaxial
compression and splitting tests on the dry granite specimens
and corroded ones. They further analyzed the strength evolution,
deformation characteristics and response mechanism of
mechanical parameters in acidic environment. Besides, they
observed the characteristics of mass damage and pH changes
of acidic solution during the process, and then examined the ion
chromatographic detection of chemical components and
concentrations of the solution after saturation. By using
scanning electron microscopy (SEM) and electronic energy
spectroscopy, they also discussed the aging features of acidic
chemical solution on the macrophysical properties [12, 18, 37].

The previous researches mainly focus on the hydrophysical
and hydrochemical effects on the macro-mechanical properties of
rocks. Nonetheless, the researches on the mechanism of rock
chemical damage based on the effects of water and rock
microscopic effect are still relatively scarce [38–41]. Water-
rock chemical action has a great influence on the deterioration
of rock micro-mechanical structure, and also affects the macro-
mechanical properties [42–44]. Besides, quantitative studies on
the hydrochemical damage of rocks have emerged. But researches
on the damage effects of water-rock chemistry on the mechanical
properties of rock mass have been rarely reported [45, 46].
Therefore, the researches on damage, strength and failure
modes of rocks in acidic environments are urgent. Based on
the above-mentioned tests, the hydrogeological survey of Copper-
Iron mine in Qianchang County, Anhui Province was carried out.
Through investigation, weak acid groundwater was found to be in
this mine area, where the surrounding rocks of diorite are
damaged by the groundwater erosion for a long time.
Therefore, this paper intends to take the diorite rock in this
mine area as the research object, simulate the groundwater
erosion environment, conduct immersion on the diorite rock,
SEM observations and triaxial compressive strength (TCS) tests
were performed on diorite specimens before and after saturations
with pH values of 3, 5, and 7 for 49 days. Furthermore, the effect
of natural long-term acidity condition on the time-dependent
characteristics of rock damage was studied and a damage strength
model was established.

LABORATORY TESTS

Preparation of Rock Specimens
Diorite was taken from Line 10 in the middle -300 section of
Qianchang Copper–Iron Mine in Anhui Province, China.
Following the standards of the International Society for Rock
Mechanics [47, 48], the specimens were first processed into a
cylinder with a diameter of 50 mm and a height of 100 mm for
TCS tests. Meanwhile, due to the size of the SEM observation
platform, the standard specimen was further processed into three
small specimens with a diameter of 50 mm and a height of
25 mm. Three different pH values of 3, 5, and 7 were used to
simulate the different subsurface acidic environments,
respectively.

Test pieces were inserted into the preservation boxes
containing the hydrochloric acid solution. During saturation
process, the pH value of the solution in each box was
measured and recorded.

Experiment Content and Test Method
To observe the mechanical properties of diorite before and after
the acidification treatment, SEM observations and TCS tests were
performed (see Supplementary Figure S1).

Scanning Electron Microscopy Observation
The SEM observations were performed four times. DJ-1 was
scanned before and after saturation in distilled water for 49 days.
DJ-2 and DJ-3 were scanned after saturation in acid solutions
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with pH values of 3 and 5 for the same time, respectively
(Figure 1A). The sample surfaces were scanned with a
magnification coefficient of 400–450 (Figure 1B).

Triaxial Compressive Strength Experiment
TheTCS tests were performed onRMT-150Cwith confining stresses
(σ3) of 10, 20, and 30MPa. The axial and lateral loading rates were
0.1 KN/s and 0.2MPa/s, respectively. The stress-strain curves were
recorded during the test. Besides, the damaged specimen was
photographed for later reference (see Supplementary Figure S2).

CHEMICAL DAMAGE ANALYSIS

The main component of diorite in the Qianchang copper-iron
area is oxidized minerals (Figure 2). Under acidic solution, the
oxidized mineral components in diorite will react with H+ as
follows:

Al2O3 + 6H+ �� 2Al3+ + 3H2O (1)

Na2O + 2H+ �� 2Na+ +H2O (2)

CaO + 2H+ �� Ca2+ +H2O (3)

K2O + 2H+ �� 2K+ +H2O (4)

MgO + 2H+ �� Mg2+ +H2O (5)

Fe2O3 + 6H+ �� 2Fe3+ + 3H2O (6)

Rock Surface Characteristics After
Acidification
The main changes of the specimen surface after saturation in a
hydrochemical solution are reflected in macro and micro aspects
[8, 49–51].

Diorite samples were smooth after coring, cutting, and
grinding. Macroscopic viewing also suggests that the samples
were uniformly dense and flat before acid saturation (Figure 3A).
After saturation for 49 days in acidic solutions with pH � 3 and

pH � 5, powders were stripped from the surface of the rock
samples. While the powders were rinsed, the outer surface
became rough and some micro-cracks appear (Figure 3C).
After long-term saturation, the outer surface was dissolved,
and the color turned slightly gray. There were severe
unevennesses on the surface under acid solution of pH � 3
(Figure 3D). However, after saturation in distilled water, no
obvious macro changes were observed, except for a lighter surface
(Figure 3B). It suggests that the chemical damage negatively
relates to the pH value. The macro comparison of the
representative test specimens after saturation for 49 days is
shown in Figure 3.

Microscopically, according to the scanning electron
micrographs in Figure 4A, the rock sample showed a clear
layered structure or flaky crystal form before saturation, with
superior homogeneity, tight internal structure, small interlayer

FIGURE 1 | Scanning electron microscopy observation: (A) specimens,
and (B) testing platform.

FIGURE 2 | Main chemical constituents of diorite before saturation.

FIGURE 3 | Macro comparison of sample surfaces after different
saturations: (A) naturally dry condition, (B) pH � 7, (C) pH � 5, and (D) pH � 3.
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distance, and micro-cracks. The micropore was small and
dispersed. The microstructure consisted of homogeneous and
dense particles, fine and sparse pores, indicating the positive
macro mechanical properties before acidification and erosion.

However, the specimens saturated in acidic solutions exhibited
a spongy or flocculent structure. The structure was loosened, and
the boundary between layers became blurred (Figures 4C, D).
The number of micro-fissures and micro-pores increased, and
some independent small-sized micro-pores were dispersively
interconnected with each other to form a larger “gully”
(Figure 4C). In comparison, more powders were shed and the
edges were the more distinct at pH � 3 (Figure 4D). After
saturation in distilled water, the microscopic morphology did
not change obviously (Figure 4B). Clearly, the decrease in pH
value accelerated the chemical damage.

Mass Damage After Acidification
After saturation for 49 days, the surfaces of the rock samples were
rinsed with distilled water, dried, and measured. Compared with
the rock sample mass before saturation, the mass decreased by
various degrees with different pH values. However, the masses
after dipping in distilled water were basically the same as the ones
before saturations. Five samples were randomly selected from the
three groups. Comparisons between the mass before and after
saturations with different pH values are shown in Figure 5.

The stronger and faster reaction was caused by the higher
concentration of H+ in the solution [52, 53]. It can be further
concluded that stronger acidity led to the destruction of more
micro-structures. As shown in Figure 5, the mass was slightly
diminished after saturated in distilled water. It proves the
existence of water-soluble mineral components. To
quantitatively characterize the degree of mass damage after
saturation, a time-dependent mass damage factor D(t) is defined:

D(t) � M0 −M(t)
M0

× 100% (7)

Where M0 is the mass of the rock sample before saturation, and
M(t) is the mass at t days during saturation.

The mass damage factors of the samples saturated for 49 days
at pH � 3 and pH � 5 are presented in Figure 6. Relatively
speaking, the change in distilled water is not obvious. Thus, the
factors are not provided here.

Figure 6A shows that the mass damage factors at pH � 3 are
higher than pH � 5. The average value of the factors at pH � 3 is
2.30%, while which at pH � 5 is 1.21% (see Figure 6B). Obviously,
the latter is almost half of the former. Under the two actions, the
standard deviations are almost the same. The standard deviation
is 0.25 at pH � 3 and 0.24 at pH � 5. Hence, the comparison
between the two is reliable. In conclusion, during the same time of

FIGURE 4 | Scanning electron microscopy of diorite surfaces after different saturations: (A) naturally dry condition, (B) pH � 7, (C) pH � 5, and (D) pH � 3.
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saturation, lower pH value will strengthen the reaction, leading to
larger mass damage and corrosion.

LABORATORY RESULTS AND
DISCUSSION

Calculation of Time Scale
The time scale refers to the ratio of the amount of H+ substances
consumed per unit time for two solutions with different initial pH
values [52, 54]. Assuming that under a strongly acidic solution,

the amount of H+ substances consumed per unit time is Δn1, and
that in weak acid is Δn2, the time scale ƞ(t) of two different acidic
solutions can be defined as:

η(t) � Δn1

Δn2
(8)

Theoretically, the time scale η(t) is a variable with the selected
period. Due to the limitations of the laboratory, it is impossible to
accurately determine the amount of H+ substances at any time
during saturation process. In this paper, the unit time is set as 12 h
to calculate the time scale. Table 1 lists the changes in the amount

FIGURE 6 |Massdamage factors of rock samples after different acidic saturations for 49 days: (A) damage factor of each sample, and (B) error bars of damage factors.

FIGURE 5 | Comparison of mass differences before and after different saturations: (A) rock samples soaked with distilled water, (B) rock samples under pH � 5
acidic saturation, and (C) rock samples under pH � 3 acidic saturation.
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of H+ substances under the two acidic solutions. Thus, the
calculated results are provided in Table 1.

According to Table 1, the consumption of H+ shows a
decreasing trend, indicating that the reaction gradually slows
down. In the first 12 h, the consumption of H+ in the acidic
solution with initial pH � 3 is 103.49 times as much as the initial
pH � 5 (see Table 1). The time scale reflects the chemical damage
caused by the two acidic solutions. Thus, in the first 12 h, the
solution of pH � 3 causes 103.49 times the damage compared to
that of pH � 5. Similarly, based on the change of H+ per unit time,
the time scale of chemical damage caused by two different acidic
solutions can be calculated at any period. The characteristics of
the solution with pH � 5 is close to the natural environment.
Through the conversion of the time scale, saturation under pH �
3 could be tried to simulate the long-term effect caused by natural
environment in a short time, which may shed some lights on
predicting the durability of rock masses in nature.

Characteristics of pH Change During
Acidification
As mentioned above, the pH value of the acidic solution plays an
important role in the corrosion of diorite. The change of pH value
can directly reflect the reaction rate and degree. In the tests, the
pH value was measured every 12 h. To maintain the initial
concentrations (pH � 3 and 5), concentrated hydrochloric acid
was added dropwise via plastic dropper. The rock sample and the
acidic solution reacts violently at the beginning (see Figures 7A,
C). Meanwhile, the pH value increases significantly, which is close
to neutral. Hence, it shows that the H+ ions in the two solutions
have almost been consumed. As saturation time increases, the pH
values gradually decrease. Besides, the two decline rates
continuously decrease, while the decline rate with pH � 3 is
faster than that with pH � 5. Lastly, the pH of the initial solution
with pH � 3 starts to stabilize slowly on the 29th day (the 58th
measurement) (see Figure 7D), and the pH is slightly higher than
3. Thus, the reaction proceeds slowly after the 29th day, but it
does not indicate the end.When the minerals on the outer surface
have been dissolved, the internal structure may fail to display
signs of reaction due to the tight structure arrangement. In
contrast, the pH of the initial solution of pH � 5 gradually
stabilizes on the 32nd day (64th measurement) (see
Figure 7B). However, the corresponding pH is greater than 5,
indicating that the reaction has changed from the 32nd day.
Change of the pH value in distilled water is minimal. It indicates
that no obvious chemical reaction has occurred. Therefore, its
curve over time is not provided.

According to Figure 7, the time-dependent pH value at initial
pH � 3 is:

FIGURE 7 | Aging characteristics of pH values of acidic solution during saturations: (A) violent stage during acidification reaction under saturation (pH � 5), (B)
stable stage during acidification reaction under saturation (pH � 5), (C) violent stage during acidification reaction under saturation (pH � 3), and (D) stable stage during
acidification reaction under saturation (pH � 3).

TABLE 1 | Change in the amount of H+ and time scale conversion.

Initial pH Change in the amount of H+ substance per unit volume/mol

12 h 24 h 36 h 48 h

3 −9.998 × 10−4 −9.975 × 10−4 −9.737 × 10−4 −8.341 × 10−4

5 −9.661 × 10−6 −9.088 × 10−6 −7.709 × 10−6 −4.872 × 10−6

Initial pH Time scale η(t)

12 h 24 h 36 h 48 h

3 1.00 1.00 1.00 1.00
5 103.49 109.76 126.31 171.20
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P(t) � 2.81 + 4.02e
−t
16 (9)

The time-dependent pH value at initial pH � 5 is:

P(t) � 4.88 + 1.6e
−t
17 (10)

The time-varying characteristics indicate that lower pH value leads
to faster corrosion. Thus, severer corrosion is caused by a lower pH
value. This further verifies the time scale principle that the reaction
speed can be accelerated by increasing the reactant concentration.

Aging Characteristics of Mass Damage
During Acidification
The test pieces were taken out from the solution and placed in an
indoor ventilation environment for 24 h. Then, the mass
measurement was performed after the test pieces were completely
dried. Samples were randomly selected from the acidic solutions of
pH � 3 and pH � 5. The results show that after different acidic
saturations, the masses of the samples decreases to various degrees.
Besides, the decreasing rate gradually slows down. To characterize
the relationship betweenmass damage and saturation time, the time-
dependent characteristic curves of mass damage are calculated and
plotted (see Figure 8A).

Where the time-dependent massM(t) is defined. According to
Figure 8A, the fitted curve of M(t) at condition of pH � 3 is:

M(t) � 508.23 + 11.07e
−t
10.5 (11)

The fitted curve of M(t) under solution of pH � 5 is:

M(t) � 511.01 + 6.66e
−t
8.8 (12)

According to Figure 8B, the fitted curve of D(t) at condition of
pH � 3 is:

D(t) � 2.23 − 2.23e
−t
11 (13)

The fitted curve of D(t) under solution of pH � 5 is:

D(t) � 1.17 − 1.17e
−t
11 (14)

Thus, the decreasing rate of D(t) at condition of pH � 3 is:

D(t)’ � 2.23
11

e
−t
11 (15)

The decreasing rate of D(t) under solution of pH � 5 is:

D(t)’ � 1.17
11

e
−t
11 (16)

With increasing saturation time, the cumulative damage of the
mass gradually increases and finally stabilizes (see Figure 8B).
According to Eqs 13 and 14, the mass damage factors will
gradually decrease and eventually reach zero. Comparing the
characteristics of the damage caused by two acidic solutions,
lower pH will produce larger mass damage during the same
saturation time (see Eqs 15 and 16). This trend is similar to the
change of pH values and agrees well with the results from the
perspective of chemical kinetic principles.

Mechanical Damage Characteristics During
Acidification
Effect of Acidification Time on the Strength and
Deformation
To simulate the long-term corrosion induced by weakly
acidic groundwater and the actual confining pressure, test
results for rock samples at pH � 3 and σ3 � 10 MPa are further
provided.

According to Figure 9, the stress–strain curves of pH � 3
under triaxial compression (σ3 � 10 MPa) have obvious stepwise
trends. Four obvious stages can be observed: (A) initial crack
compaction stage (Figure 9A), (B) elastic deformation to stable
micro-elastic crack development stage (Figure 9B), (C) unstable

FIGURE 8 | Aging curves of mass damage during different saturations: (A) rock mass, and (B) rock mass damage factor.
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crack development stage (Figure 9C), and (D) post-fracture stage
(Figure 9D). However, as saturation time increases, stress-strain
curves exhibit different characteristics.

At the initial crack compaction stage, the degree of concavity
on the curve gradually increases, indicating that samples will
produce more micro-fissures. At the elastic deformation to stable
micro-elastic crack development stage, the slope of the curve
gradually decreases, indicating that the elastic modulus will also
gradually decrease. In the unstable crack development stage, the
peak stress drops significantly with time. Besides, in the post-
fracture stage, the deformation after peak stress gradually
increases with time. This shows that diorite has a tendency to
change from brittle to ductile after acid saturation. Besides, this
tendency will become more obvious with longer saturation time.

To quantify the damage aging characteristics of compressive
strength during saturation, the compressive strength damageQ(t)
[55–57] is introduced as:

Q(t) � 1 − σ t

σ0
(17)

where σt is the TCS of diorite samples after saturation (pH � 3 and
σ3 � 10 Mpa) for t days. σ0 represents the TCS of diorite in the
natural dry state (σ3 � 10 Mpa). The TCS damage is shown in
Figure 10.

The equation of fitted curve is:

Q(t) � 0.34 − 0.33e
−t
20 (18)

Hence, the damage rate q(t) can be defined as:

q(t) � Q(t)’

� 0.33
20

e
−t
20

(19)

TheTCS gradually decreaseswith time. Besides, the rate also gradually
decreases. The maximum rate (4.18MPa/d) occurs in the first 7 days.
When saturation reaches 35 days, the TCS tends to be stable, which is
consistent with the damage characteristics and the changes of the pH
values. As the soluble matter on the surface dissolves, the reaction
gradually slows down. So the mechanical damage weakens.

The TCS damage reflects time-dependent characteristics. As
saturation time increases, the TCS damage of diorite gradually
increases. However, the damage rate decrease slowly. After
reaching a certain time (35 days), the damage gradually stabilizes.
As shown in Eq. 18 the strength damage of diorite will reach 0.34
instead of developing continuously. This suggests that the
mechanical damage mainly occurs at the fierce physical-chemical
reaction. For rocks that are hard to be completely dissolved, the
mechanical properties will not be affected at certain reaction point.
This is of great significance for predicting the residual strength of
rocks in acidic environments. After immersing granite samples with
different pH values, Liu et al. [52] reached a similar conclusion
through the uniaxial compression tests.

Parameter Damage Characteristics During
Acidification
The cohesion (c) and internal friction angle (φ) values of rocks are
two important physical and mechanical rock parameters [58–60].

FIGURE 9 | Stress–strain curves for different saturated periods under triaxial compression (σ3 � 10 MPa, pH � 3): (A) initial crack compaction stage, (B) elastic
deformation to stable micro-elastic crack development stage, (C) unstable crack development stage, and (D) post-fracture stage.
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Therefore, it is necessary to study the damage aging
characteristics of the c and φ values during saturation process.
The fitted curves of the TCS and confining pressure obtained at
different saturation times are shown in Figure 11.

The c and φ values are calculated as:

σ1 � PMAX

A
(20)

where σ1 represents the TCS, PMAX is the axial load when the rock
fails, and A represents the cross-sectional area of the specimen.

σ1 � σ0 + kσ3 (21)

where σ3 is confining pressure, σ0 represents the intercept in the
relationship between σ1 and σ3, and k represents the slope.

c � σ0(1 − sinφ)
2 cosφ

(22)

φ � sin−1k − 1
k + 1

(23)

The calculation results are shown in Figure 12.
According to Figure 12, the c and φ values decrease with time.

The φ values decrease significantly in the first 21 days after
saturation, from the initial 29.4° to around 22.9°. The
reduction rate reaches the maximum value of 2.17°/7 days.
Then the φ values keep decreasing with a lower rate at around
0.875°/7 days. The c and φ values decrease by 41.9 and 59.7% in
the first 21 days. The c values decrease first and then increase
steadily. The average rate of c reduction is about 1 MPa/7 days.
During the reaction, a stepwise trend could be observed for the
development of φ. It is consistent with the trends of rock mass
damage and pH value. The trend of φ can be seen as the
cumulative effect of time, which suggests that the φ of diorite
is more sensitive to acidic solutions than its c.

Mechanical Damage Model During
Acidification
Calculation of Corrosion Depth of Diorite During
Acidification
The sizes of the rock samples are measured after acidification with
pH � 3. The average change of five random diameters with
saturation time is shown in Figure 13A.

It can be seen that a dramatic decline in diameter occurs in the
first 7 days. It is from 50.8 mm to around 50.1 mm. Then the
trend immediately slows down with a minimal 0.2 mm reduction
during the rest of acidification. This indicates that the rock
sample reacts violently with the acidic solution at the initial

FIGURE 12 | Curves of the c and φ value changing with saturation time
(pH � 3).

FIGURE 10 | Variation curve of triaxial compressive strength damage of
diorite with saturation time (σ3 � 10 MPa, pH � 3).

FIGURE 11 | The fitting curves of triaxial compressive strength (TCS) and
confining pressure.
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stage. Besides, the intensity of the reaction slows down quickly
with time.

To quantify the loss of diameter, a corrosion depth parameter
is proposed as follows:

Δd(t) � d0 − d(t) (24)

where d(t) refers to the diameter at t days, and d0 is the initial
diameter. Therefore, the radius change is:

∇r(t) � Δd(t)
2

(25)

where ∇r(t) is the corrosion depth.
Based on the development of diameter, the development of

corrosion depth is presented in Figure 13B. The function of the
fitting curve is shown in Eq. 26.

∇r(t) � 0.48t0.15 (26)

Strength DamageModel of Diorite During Acidification
Before establishing the strength damage model of diorite during
acidification, four hypotheses are given:

(1) Diorite specimen is a two-phase material consisting of rock
matrix and pores.

(2) The strength of diorite specimen is proportional to its matrix
bearing area and inversely proportional to its porosity.

(3) Diorite specimens can reduce matrix bearing area and
increase porosity during acidification.

(4) The matrix bearing area could decrease and the porosity
could increase during acidification.

The percentage of residual strength of diorite sample during
acidification is:

λ � σ(t)
σ0

(27)

where σ(t) is the compressive strength after saturation for t time
and σ0 is the compressive strength in the natural dry state. Based
on the hypothesis and theoretical derivation, Huo [61] obtained
the relationship between residual strength percentage and
porosity as follows:

λ � μ(1 − 1.40ω
2
3
ρ) (28)

where μ is the coefficient to be determined and ωp is the porosity. The
increase in the corrosion depth by the acidic solution is the main
reason for the growth of porosity [62]. The test piece has a height of
100mm and a diameter of 50mm. The corrosion depth of the test
piece is∇r(t). Therefore, the load-bearing areaA(t) of the test piece is:

A(t) � π(50
2
)
2

− π(50
2
− ∇r(t))

2

(29)

From Hypothesis (4), Eq. 29 could be produced as:

ωρ � cA(t)h
� πch[252 − (25 − ∇r(t))2]
� πch∇r(t)(50 − ∇r(t))

(30)

Where c is the scale constant. Substituting Eq. 30 into Eq. 28 gives:

λ � μ{1 − 1.40[πλh∇r(t)(50 − ∇r(t))]23} (31)

Substituting Eq. 26 into Eq. 31 gives:

λ � μ[1 − (α1t0.15 − α2t
0.3)23] (32)

In Eq. 32, α1 and α2 are test constants, which are larger than 0.
When t is equal to 0, λ � 1. Hence, μ � 1. Equation 32 can be
presented as:

FIGURE 13 | The average size change during saturation (pH � 3): (A) the changing curve of diameter of rock samples, and (B) the fitting curve of corrosion depth.
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λ � 1 − (α1t
0.15 − α2t

0.3)23 (33)

Substituting Eq. 23 into Eq. 27, the formula of the rock’s strength
over time during saturation in an acidic solution of pH � 3 is:

σ(t) � σ0[1 − (α1t
0.15 − α2t

0.3)23] (34)

To verify the reliability of the established strength damage model
(see Eq. 34), two groups of experimental data (σ3 � 10 MPa, pH �
3) are randomly selected to produce α1 � 0.124 and α2 � 0.032.
Figure 14 shows the measured and calculated compressive
strength of diorite specimen.

As can be seen from Figure 14, when σ3� 10MPa and pH� 3, the
trends of the measured and calculated values of diorite’s compressive
strength with time are roughly the same. In the initial stage of
saturation, the strength damage range of diorite is relatively large and
the damage rate is high. With the increase of saturation time, the
intensity of the damage rate gradually slows down. By comparing the
measured and calculated values of compressive strength, the aging
model of diorite strength damage established based on the corrosion
depth agrees well with the aging characteristics. Thus, the proposed
model can be used to simulate residual triaxial compression strength
of diorite in acidic environment.

CONCLUSIONS

In light of the above work, the main conclusions of this paper can
be drawn as follows:

(1) Under the action of acidic chemical solutions, the
microstructure of the amorphous particles changes, which
causes damage to the physical properties and weakens the
macro mechanical performances of diorite.

(2) Through the conversion of the time scale, saturation of pH �
3 can be used to simulate the long-term effect of the weakly
acidic environment in a short period.

(3) As saturation time passes, the pH value of the two acidic
solutions gradually decreases with decreasing rates. After
reaching a certain time (29, 32 days), the pH values
stabilize at higher values than the initial.

(4) When saturation time reaches 35 days (pH � 3), the TCS
gradually levels. The cohesion (c) and internal friction angle
(φ) tend to decrease with time. The change of φ shows a clear
decreasing trend. The magnitude of change in c values is
relatively gentle throughout saturation process. Therefore,
the φ of diorite is more sensitive to acidic solutions than its c.

(5) The established model of diorite during saturation (σ3 �
10MPa, pH � 3) shows that in the initial stage, diorite
experiences strong strength damage at a high rate. With
the increase of saturation time, the intensity damage rate
gradually decreases, which agrees well with the test results
and provides guidance for practical calculation.
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