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Abstract: The physical and mechanical properties of rocks can be reduced significantly by an acidic
environment, resulting in engineering weaknesses, such as building foundation instability, landslides,
etc. In order to investigate the mechanical properties of rocks after hydrochemical erosion, a chemical
damage constitutive model was established and used to analyze chemical damage variables and en-
ergy transformation. It is assumed that the strength of the rock elements obeyed Weibull distribution,
considering the nonuniformity of rock. The chemical damage variable was proposed according to
the load-bearing volume changes in the rock under water-rock chemical interactions. The chemical
damage constitutive model was derived from coupling the mechanical damage under the external
load and the chemical damage under hydrochemical erosion. In order to verify the accuracy of the
model, semi-immersion experiments and uniaxial compression experiments of black sandy dolomite
were carried out with different iron ion concentrations. Compared with the experimental data, the
chemical damage constitutive model proposed could predict the stress—strain relationship reasonably
well after water—rock interaction. The effects of water-rock interaction on the rock were a decrease
in peak stress and an increase in peak strain. The peak strain increased by 4.96-29.58%, and the
deterioration rate of peak strength was 0.19-4.18%. The energy transformation of the deterioration
process was analyzed, and the results showed that the decrease in releasable elastic energy, Ue, is
converted into dissipated energy, Uy, after hydrochemical erosion.

Keywords: chemical damage constitutive model; water—rock interaction; chemical corrosion; semi-
immersion test; dissipated energy

1. Introduction

Water—rock interaction, also known as hydrochemical corrosion, refers to a variety
of physical and chemical interactions between the aqueous ions and the rocks [1,2]. The
effect of water—rock interactions on the rocks is realized by changing the composition of
the chemical elements and influencing their fine microstructure [3,4]. Under the effect of
dissolved oxygen and water, the sulfide minerals and organic matters produce acidic water
and form an acidic-water environment through the water—rock chemical interactions. [5,6]
The acidic water environment causes the rapid weathering of the rock-forming minerals
and the instability of the material structures, causing changes in volume, cementation force,
and the internal stress of the rocks [7,8]. The rebalancing of the resultant force and the
internal stress changes the internal structure and mechanical properties of the rocks [9-11].
Rock corrosion in an acidic environment accelerates the water—rock chemical reaction in
the rock pores, forming the dominant weathering surfaces and the high energy zones of
the fracture or joints in the pores, such as the mineral cleavage surfaces, fractured surfaces,
and mechanical damage zones. Under the chemical interaction between water and rock,
the structure and composition of the black rocks change and the mechanical properties
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deteriorate, leading to a series of geological disasters, such as rock avalanches, landslides,
etc. [12-14].

The constitutive models of rock are the basis for the structure design, and the establish-
ment of constitutive models relays the macro- and micromechanics, such as stress-strain
relations, energy transformation, etc. [15-17]. Based on the maximum loss principle,
Vasarhelyi and Davarpanah established an elastic-plastic damage model, achieving a strong
coupling between plasticity and damage [18]. Some scholars have revealed the mechanism
of rock damage and failure processes via a continuum and fracture mechanics [19,20].
Rocks contain a large number of randomly distributed defects. These defects complicate
their mechanical properties and constitutive relations. Thus, some constitutive models
are mainly derived through microcracks or crack propagation under the load effect [21].
Meanwhile, the long-term effects of water—rock interaction will eventually lead to chemical
weathering and the physical and mechanical performance degradation of the rocks [22,23].
Compression tests were conducted to evaluate the relationship between water content
and the strength of different stones, and the results showed that the uniaxial compressive
strength of sedimentary rock decreased obviously with water content [24-26]. In previous
studies, there have been a lot of developments in rock damage constitutive models [27-30].
However, the study of the chemical constitutive models of black dolomite is lacking and
needs further exploration.

According to the laws of thermodynamics, the deformation and failure process of rock
under external loads is essentially an energy absorption process, which transforms energy
from the outside to the inside. Chen et al. explained the rock deformation and failure
process and the energy conversion characteristics (from the perspective of nonequilibrium
thermodynamics), and they divided the energy absorbed and transformed from the outside
into the dissipated energy and the released elastic energy [31,32]. The dissipated energy
was defined as a unidirectional irreversible process used to produce the plastic deformation
of a rock mass and new internal damage, which was the main cause of rock strength
loss [33]. At peak strength, the energy input into the rock exceeds the limit of the maximum
bearing capacity of the elastic energy, causing sudden failure and energy release. Elastic
energy release is also the main cause of rock failure [34]. The water—rock interaction has a
great influence on rock energy, but the mechanism needs more discussion.

In order to better analyze the mechanism of water-rock interactions and predict
mechanical rock behavior, a chemical damage model was proposed for black rocks. The
constitutive model of rock under uniaxial compression was established, and chemical
damage was considered via a chemical damage variable. The uniaxial compression tests
were carried out on the rock samples under the water—rock interaction to verify the accuracy
of the model. The energy transformation after water—rock interaction was analyzed to
explain the chemical damage mechanism.

2. Chemical Damage Model Establishment
2.1. Damage Constitutive Model

The rock damage constitutive model was established by damage theory. The rela-
tionship between the stress—strain curves and the damage variables is often established
from the random distribution of rock microelement strength to obtain the Lemaitre-] strain
equivalent hypothesis of the damage constitutive model [35]. According to this hypothesis,
the strain with the damage is equivalent to that without damage under effective stress. The
strain produced by the isotropic and elastic materials under the effective stress is

c 7

E=— = — 1
7= F )
where E and E’ are the Young’s moduli for the undamaged and damaged rocks, respectively,
and ¢ and ¢ are the stress and the effective stress, and ¢ is the strain.
The material deforms under the external load until its failure. The crack porosity
changes cannot be described by the internal porosity of crack interactions and mutual
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influence using geometry due to no single controlling factor. Therefore, the numerous scat-
tered regions of the microcracks are regarded as nonhomogeneous fields. An irreversible
field variable is defined to describe the damage state of the entire uniform field. This field
variable is defined as the damage variable D to characterize the deterioration degree [36].
The relationship between the elastic moduli of the material before and after damage is

proposed below.
/
D=1- Ef )

where E and E’ are the Young’s moduli for the undamaged and damaged rocks. According
to Equations (1) and (2), the damage constitutive model under uniaxial compression can be
obtained as

c=¢(1—-D)E 3)

The rock damage variable is the degree of material damage, and it is related to the
defects in each primitive body, which directly affects its strength. The material inside the
mesoscopic structure has obvious heterogeneity, and it contains a variety of defects. The
distribution of defects and damage are randomly distributed in the rock and make a signifi-
cant difference, and thus the mechanical property of the rock is a random variable. The
rock can be divided into some microelements containing several defects. The relationship
between the statistical distribution density of the microelements and the damage variables
is assumed as:

dD = P(e)de 4)

where, P(¢) is a damage measure function of a microelement under loading. In this paper,
it is assumed that the microelement strength in the loading process follows the Weibull
distribution, and its probability density function is proposed:

i1 g
n (e €
P = —( — Y
©) 2 (€0> eXp[ <€o> ] ©
where ¢ is the average elemental maximum deformation and ¢ is the Weibull distribution
shape coefficient. Considering Equations (3) and (4), the following relation can be obtained:

n{(e ¢t [ € ¢
iw=1(5) exp_‘<eo> ]ds ©

By integrating Equation (6), the damage variable D can be obtained as follows:

P ¢—1 ¢ ¢
o= [2(5) Tew| () a1 (5)] @

From Equation (3), the damage constitutive model under uniaxial compression can be

expressed as:
e\¢
o =eexp —<> E 8)
€0

2.2. Chemical Damage Constitutive Model

According to the equivalent strain principle, the strain under the hydrochemical
reaction is equivalent to that of the undamaged material.

o a-//

where E and E” are the Young’s moduli for the undamaged and damaged rocks under

oxidative acid corrosion, respectively, o and o' are the effective stress of the undamaged



Energies 2022, 15, 9386

40f 15

and damaged materials under corrosion, respectively, and ¢ is the strain of the rocks. Similar
to Equation (2), the damage constitutive model of the rocks under uniaxial compression
can be deduced as follows:

oc=¢(1—Dy)E (10)

where D,, is the damage variable of the rock under an external load after oxidation and
acid etching. Compared with the uncorroded rocks, the mechanical properties of the rocks
under the water-rock interaction are degraded. In this case, the damage caused by the
external load can be regarded as the total damage of the rock caused by the coupling of the
chemical damage and the load damage [37]. Therefore, a chemical damage variable, D,
should be introduced.

The chemical mineral sensitivity of rock is consumed under the water—rock interaction,
and the cementing force between the components weakens, causing the rock mechanical
performance degradation. The detailed chemical reaction process will be discussed in
Section 4.2. Therefore, the effects of the water-rock interaction on the rock mainly manifest
as the chemical dissolution of the rock minerals and cement. On a macrolevel, that is
reflected in the loss of rock mass. According to the relationship between the change in the
effective bearing volume and the mass, the chemical damage variable, D,, is expressed
as [38]: AV A

m m
De=r =5 =1 (11)
where V and AV are the initial effective bearing volume of the rocks and the change in the
effective bearing volume, respectively, mj is the mass of the rock material, and m is the
mass of the rock material after water—rock interaction.

Based on the generalized equivalent strain principle of rocks, the material begins to
damage and expand under the external load [39]. Its damage state changes as the interaction
progresses. The strain of the first damage state applied to the material in the second damage
state is equivalent to that of the second damage state applied to the material in the first
damage state. The damage states in the hydrochemical interaction and the natural state are
defined as the first and the second damage states, respectively. The following results can
be obtained:

o o’ o’

e — 12
E E' E(1-D) 12)

where ¢’ and ¢’ are the effective stress under the natural damage state and the oxidized
acid corrosion damage state, respectively, E’ and E” are the elastic moduli of the natural
damage state and the oxidized acid corrosion damage state, and D, is the chemical damage
variables of the rocks subjected to oxidative acid etching. From Equations (2), (10), and (12),
the following can be obtained:

E" = [1— (D + D. — DD.)]E (13)

DTZ == D‘I‘DC*DDC (14)
According to Equations (6), (7), and (11), the following can be obtained:

é
D,=1- m exp = (15)
e\ m
azsexp<—€> —E (16)
ey, ) Mo

At the initial stage of the uniaxial compression, the internal microcracks are pressed
and closed under the external load when the stress—strain curve is in the nonlinear change
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stage. In the case of no chemical corrosion, the stress—strain relationship of the rock at this
stage can be taken as [40]
2
€
0 =0a () (17)
€A

where 0 and e, are the maximum stress and strain in the initial nonlinear change stage.

In the nonlinear change stage, the energy stored in the rock is less than its storage
capacity limit, and the internal damage caused by the external load in the rock can be
ignored. Only the damage caused by the chemical corrosion exists in this stage. Therefore,
the strain subjected to chemical corrosion in the nonlinear change stage should be

e =(1—D¢)e (18)

Furthermore, the stress—strain relationship of the chemically eroded rock at this stage
is modified as follows:

o= 0a (;)2(1 — D) (19)

A
According to Equations (16) and (19), the chemical damage constitutive model of rock

is as follows:
2
5 m
UA() <>,€ <ep'
€A mo

7= e—ep m m (20)
(e—en")exp| — (77 A | ZE4+ op,e > en’
—ep — sA/ mo m
and in the above formula: mo
en' = o CA (21)

where 0 and e, are the maximum stress and strain in the initial nonlinear change stage,
respectively, ep is the peak strain of the sample, and ¢ is the shape parameter of the
distribution function, defined as the uniformity coefficient of the material medium.

3. Validation of the Model
3.1. Validation Preparation

The outcrop of black rock of the Cambrian in Chongging, China, was analyzed as the
research object, for which the main lithology is black sandy dolomite. It contains a certain
amount of pyrite, which is easily oxidized and intensifies the water—rock interaction [41].
In a natural environment, the black sandy dolomite interacts with water easily to produce
acid water, dissolving the rock and releasing an amount of Fe3* into the pore [42]. As one
of the main controlling factors affecting the water—rock interaction, Fe** plays an important
role in the oxidation reaction. It can induce a series of complex physical and chemical
reactions within the rock, leading to microscopic changes in the rock mass. The cementation
characteristics and mechanical properties of the rock skeleton change under water-rock
interaction. This causes a deterioration in the macro mechanical properties [43]. In order to
explain the rock chemical degradation mechanism and verify the proposed constitutive
model, the semi-immersion tests were carried out under different concentrations of Fe3* in
an acidic medium.

The rock blocks with a relatively consistent lithology were selected to reduce the
sample differences. The composition analysis was performed on three black dolomite
samples: CK-01, CK-02, and CK-03. The X-ray diffraction (XRD) results are shown in
Figure 1, and the mineral compositions are demonstrated in Table 1. The black sandy
dolomite contained 31.70-36.80% of quartz, dolomite (46.60-52.40%), a small amount
of pyrite (3.60-5.30%), plagioclase layers (1.60-2.90%), a mixed-layer of illite/smectite
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(4.50-6.40%), and trace amounts of illite (1.90-3.60%), kaolinite (0.3-0.46%) and chlorite
(0.36-0.59%).

D

Q
|CK-01 7 D D ﬁ P DD QD DQ) opP

1CK-02 “ \

Intensity (a.u.)

|CK-03 ) \

15 20 25 30 35 40 45
2 Theta (degree)

L.

Figure 1. X-ray diffraction results (Q: quartz, D: dolomite, and P: pyrite).

Table 1. Physical and chemical properties of the samples.

Mineral Composition (%) CK-01 CK-02 CK-03
Quartz 31.70 36.80 33.80
Plagioclase 2.20 2.90 1.60
Pyrite 4.60 5.30 3.60
Dolomite 52.40 46.60 51.80
Ilite 191 3.02 3.59
Kaolinite 0.46 0.34 0.46
Chlorite 0.36 0.59 0.46
Others 6.83 4.45 4.69

From Table 2, the main chemical compositions measured by X-ray fluorescence (XRF)
were 5i0; (32.00-36.37%), CaO (16.45-18.55%), and MgO (11.55-12.95%). The Al,O3, SOs3,
and Fe,O3 contents were 2.17-3.30%, 2.25-2.8%, and 1.32-1.61%, respectively, indicating
that the rock contained many sulfates. The other chemical components were relatively low.
The loss of ignition value of the sample was large, ranging from 25.64-28.98%, showing
that there were many inorganic carbonates in the rocks.

Table 2. Chemical composition of the samples.

Chemical Composition (%) CK-01 CK-02 CK-03
Si0, 32.80 36.37 32.00
MgO 12.85 11.55 12.95
CaO 18.30 16.45 18.55
Al,O3 217 3.30 2.22
Fe; O3 1.40 1.61 1.32
SO, 2.27 2.80 2.25
Others 1.67 2.28 1.73
LOI 28.54 25.64 28.98

These samples were made into @ 50 mm x 100 mm standard cylindrical shapes.
The concentration of the iron ions was analyzed as the main controlling factor affecting
the water—rock interaction. These samples were soaked in different solutions of various
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concentrations of Fe;(SO4)3 after drying and vacuuming. The containers were acid-resistant
plastic boxes. The solutions with Fe3* concentrations of 1.0, 1.5, 2.0, and 2.5 g/L were
selected for the immersion tests.

The samples were kept semi-immersed for 41 days until the water-rock interaction
was complete. Then, these samples were subjected to the uniaxial compression tests by
the rock uniaxial testing machine (YZW-Y). The loading rate was 0.5 MPa/s. After the
samples were completely destroyed, the test was stopped, and the stress—strain mechanical
parameters of each sample were obtained.

3.2. Validation Results

The uniaxial compression test results after water—rock interaction with different Fe>*
concentrations are shown in Figure 2. The calculation results can be obtained from the
parameters in Table 3. The established chemical damage constitutive model could reflect
the stress—strain relationship of the rock after water-rock interaction. The goodness of fit
(Rz) of the four samples was 0.915, 0.775, 0.815, and 0.686, respectively. The most theoretical
curves in the prepeak zone showed good agreement with the experimental results. In the
postpeak stage, some theoretical curves are in agreement with the measured data when the
deterioration was large.

1201

100 ~

o (MPa)

—A— Test results

Calculation results of the model in this paper
Calculation results of the model by Bian et al. (2018) 120 1

—A— Test results
Calculation results of the model in this paper
Calculation results of the model by Bian et al. (2018)

(a) 1.0 g/L

45 45

€ (%0)

—A— Test results

Calculation results of the model in this paper
Calculation results of the model by Bian et al. (2018) 120+

—A— Test results
Calculation results of the model in this paper
Calculation results of the model by Bian et al. (2018)

40
€ (%0) € (%0)

(c)2.0 g/L (d) 2.5 g/L

Figure 2. Comparison of the experimental and theoretical results with different Fe3* concentrations.
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Table 3. Model parameters.

Parameters 1.0 g/L 1.5 g/L 2.0g/L 2.5g/L
m/mg 0.76 0.83 0.89 0.93
¢ 191 191 191 191
E (GPa) 5.0 5.0 5.0 5.0

The model of Bian et al. (2018) was used for the comparison [44]. According to the
results, the model established in this paper had a better performance in the nonlinear
deformation stage and the linear deformation stage. It is more consistent with the actual
elastic moduli of the rock after water-rock interaction. The trends of the postpeak curves of
the Bian et al. model is more reasonable in describing the strain-softening phenomenon.
In practical applications, the nonlinear and elastic stages of rocks are mainly taken into
account. The rocks are usually considered to have been damaged after the peak stress has
been exceeded, and thus the residual strength is not considered in the design.

The theoretical value of the model is very close to the actual elastic modulus of the
sample. The theoretical curve established by using the change in rock quality before and af-
ter water—rock interaction can match the experimental curve of each sample. This indicated
that the change in the stored elastic energy, which is characterized by a change in mass,
was the main reason for the change in the mechanical properties. The corrosion effect of the
water-rock interaction on the rocks was mainly the consumption of diagenetic minerals
and the dissolution of the cement. Macroscopically, the corrosion effect was expressed as
an increase in the pores and a decrease in rock quality. The internal pores decreased the
effective bearing volume, and the bond between the rock components weakened, which
changed the mechanical properties of the rocks [45].

The results in Figure 2 showed that the R? of the model proposed in this paper was
only 0.686 when the concentration was 2.5 g/L. This low R? was mainly caused by the small
peak strain in the calculation. The reasons for the low fit may come from various factors,
such as unreasonable model assumptions, inaccurate parameter selection, and experimental
data errors. When the iron ion concentration was 2.5 g/L, the value of m/mg was only 0.93,
indicating that the chemical damage at this stage was small and mainly occurred on the
sample surface. At this time, the mass loss of the specimen was not proportional to the
effective bearing volume, and thus it did not satisfy the assumption and caused the error.
However, the error in the calculated peak strain was only 11%, which was still acceptable
in practice.

The aqueous chemical solution had a strong softening effect, generating strain soft-
ening in the samples. The softening effect of the chemical solution increased the peak
strain of the samples. Moreover, the elastic modulus could reflect the softening effect of the
chemical solution on the samples, as the curve slopes changed obviously in the prepeak
stage. As shown in Figure 3, for the Fe3* concentrations of 1.0, 1.5, 2.0, and 2.5 g/L, the
peak strength of the samples decreased by 4.18%, 0.19%, 2.93%, and 0.64% when compared
with the nonsoaked sample, respectively. Meanwhile, their peak strain increased by 29.58%,
14.11%, 12.42%, and 4.96%, respectively. This showed that the corrosion effect of different
concentrations of the soaking solution on the samples was different. Iron ions formed a film
on the sample surfaces to inhibit the sample, which inhibited the reaction. The corrosion
effect and deterioration degree decreased with concentration [46,47].

Before the rock enters the yield stage, the main reason for the decrease in the mechan-
ical properties is the development of secondary pore microcracks in the rock caused by
water-rock chemical interaction. This leads to the dissolution of the diagenetic minerals
and cement in the rock, weakening the connection between the rock components [48,49].
At the peak point, the main composition, and properties of the rock itself, did not change
after water—rock interaction.
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Figure 3. Mechanical parameters and deterioration of the samples.

4. Mechanism Analysis
4.1. Effect of Solution on the Mechanical Properties of Rock

Under the action of O, and H,O in the surrounding environment, pyrite is oxidized to
release an amount of H*. This provides a large number of hydrogen ions for the subsequent
water-rock chemical reactions of other minerals [50]. The overall reaction formula is

7
FeS; + 50,+2H,0 — Fe?™ +2H ' +2S0%~ (22)

Dolomite is consumed, which manifests as an increase in the fractures in the rock mass
and a loss of quality. In the process of soaking, the generated gypsum and epsomite are
dissolved in water. The main reaction formula is shown as follows:

MgCa(CO3)(dolomite) + 4H" +2S03~ +7H,0

— CaS0O4-2H,O(gypsum) + MgSO,-7H,O + 2CO, @3

The effect of feldspar minerals in chemical corrosion generates kaolinite and other
products, leading to a change in the rock skeleton structure and the degradation of rock’s
mechanical properties. The chemical reaction formulas of feldspar minerals in black sandy
dolostone under water—rock interactions are shown as follows:

2NaAlSi3Og(Sodium feldspar)+9H,O + 2H' — (24)
AlLSi,O5(OH) , (kaolinite) +2Na ™t +4H4SiO4 (aq)
CaAl;SipOg(Calcium feldspar)+2H* +H;O —

Al,Si,05(OH) , (kaolinite) +Ca*" @5

The clay minerals generally fill the pores in the rock, acting as cementation, and are
consumed after chemical corrosion; K™, Mg2+, AP*, and other metal ions are released
through the chemical reaction and will continue to interact with the mineral composi-
tion of the rock, accelerating the water-rock chemical interaction. Some of the relevant
equations are

Al,Si,05(OH), (Kaolinite) +6H" — 2A1%" +2H,Si04(aq) +H,0 (26)
Mg Al,SizO19(OH)g (Chlorite) +16HT — 2A1PT +3Mg? " +3H,Si04(aq) +6H,O  (27)

KAI13Si3019(OH), (Tllite) +10HT — K +3A1*" +35i0, (Quartz) +6H,0 (28)

Other than the H* produced from the pyrite oxidation within the black dolostone,
iron ions play an important role in the water—rock interactions as well. The effect of
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its property transformation on the mechanical properties of a rock mass should also be
considered. In the process of water-rock interactions, pyrite interacts with oxygen and
water, releasing ferrous ions. Then, trivalent iron participates in the oxidation of pyrite
to produce ferrous ions and sulfur elements, after which the chemical reaction begins to
cycle and accelerate the oxidation of pyrite. At the same time, ferric iron generates iron
hydroxide during the hydrolysis reaction in water, and iron hydroxide will be oxidized to
brown iron oxide precipitates.

4.2. Energy Conversion of Rock under Compression

In the process of the rock failures in the uniaxial compression tests, the work done
to the rock by the outside includes the releasable elastic strain energy and the dissipated
energy: U = Ue + Uy, where U, is the releasable elastic strain energy and Uy is the
dissipated energy. The dissipative energy of the rock represents the internal damage and
plastic deformation of the element body, and its value is equal to the area formed by
the unloading elastic modulus and the stress—strain curve [51,52]. The sample was only
subjected to axial stress 1 in order to do work, so the releasable elastic strain energy in the
principal stress space is:

1
2

1 1
Eagdeg = —opde§ (29)

1
U, = 70'1d€(i + >

5 opdel, +

where ¢ (i =1, 2, 3) is the elastic strain in three principal stress directions. In the same way,
the work done by the principal stress in the direction of the principal stress is

€1 £ €3 €1
U= / o1 der + / oodey + / oades = / oyde; (30)
0 0 0 0
1 e
Ue = 5o (31)
€1 1
Uy = / c1dey — 51der® (32)
0

According to the uniaxial compression test results of each sample and the analysis of
Equations (30)—(32), the stress—strain curve data of the sample under different conditions
were processed to calculate the strain energy, as shown in Table 4.

Table 4. Each characteristic point corresponds to the strain energy.

Peak Point Strain

Concentration  Strain Energy at Crack Initiation Volume Expansion Point Strain Energy
g/L KJ/m® KJ/m? Pi(r;‘/frrngsy
u U, Uy u U, Uy u Ue Ug
1 6.466 2.906 3.560 123.594 118.143 5.451 138.036 130.005 8.031
15 4.894 1.892 3.002 84.480 80.613 3.867 128.600 121.788 6.812
2 7.640 2.384 5.256 115.633 108.655 6.978 125.529 118.523 7.006
2.5 4.952 2.570 2.383 107.436 101.897 5.539 118.539 112.669 5.870
Nature 5.284 2.282 3.001 96.328 91.509 4.819 127.140 122.413 5.727

The relationship between each energy index and the concentration when the sample
reaches the peak value is shown in Figure 4.

After chemical etching with the solution concentration, the peak of the strain energy
value was less, suggesting that the soaking process by dissolution increased the internal
damage of the sample. With the corrosion effect, the internal damage became more severe
and more likely to cause new damage. At the same time, the internal part of the rock
minerals affected by the chemical changes reduced the brittleness of the samples [53-55].
From Figure 4 and Table 4, the concentration decreased the total energy, U, and the value
of Uy/U. The energy storage form of the sample did not fundamentally change after
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80

corrosion by the aqueous chemical solution. The absorbed energy was mainly stored as
the releasable elastic strain energy, U, in the sample. The solution concentration had a
significant influence on the strain energy of the samples. The transformation rate of Uy /U
was faster than that of Ue/U. This transformation trend was gradually strengthened with
the load.

96
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Figure 4. Relationship between sample energies and concentrations.

Figure 5 shows the energy changes of the natural samples and the severe water—
rock interactions (1 g/L). The stress—strain curves in Figure 2 can be divided into four
stages considering the energy transformation: the nonlinear-change stage, the linear-elastic
stage, the yield and failure stage, and the energy trend and the causes of each stage are
discussed, respectively.
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Figure 5. The changes in the energy curves.

Nonlinear change stage: due to the defects in the sample in the natural state, at the
initial stage of the test, the microcracks in the sample would close under the action of the
external force, and some energy would escape. The curves were concave (upward), and
the dissipated energy, Uy, increased with axial strain. At the same time, the sample began
to accumulate energy, and its releasable strain energy, U,, increased with the increase in
axial strain. From Figure 5, the increase rate of dissipated energy, Uy, is smaller than the
change rate of the releasable strain energy, U, in the initial stage of the nonlinear change in
strain energy. This indicates that the sample is mainly accumulating releasable elastic strain
energy, U, at this time. The dissipated energy mainly came from the damage of internal
microstructure. After the sample was corroded by the oxidized acid, the accumulated
energy decreased. The growth rate of the released elastic energy, Ue, decreased with
solution concertation.
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Linear elastic change stage: the accumulated strain energy inside the sample increased
with axial strain, while the energy escaping only increased slightly. Meanwhile, most of
the energy was stored inside the rock as elastic strain energy, U, and the curves changed
approximately linearly. The increased dissipated energy, U4, was speculated to be caused
by the compaction of the remaining microcracks in the sample under the external forces.
The deterioration of the mechanical properties was caused by oxidative acid corrosion, the
generation of new cracks, and the nonmovement of the closed pores.

Yield stage: the sample was about to reach the limit of its stored energy. The released
elastic strain energy, U, and dissipated energy, Uy, increased with axial strain. The growth
rate of the strain energy started to slow down, while it increased rapidly later. Under
the external force, more cracks were generated inside the sample, and they continued to
develop until they formed through macrocracks and produced plastic deformation. The
energy escaping reflected the strength of the mechanical properties of the sample itself.
The growth rate of the dissipated energy, Uy, and the value of the dissipated energy, Uy,
decreased at the final peak.

Failure stage: after reaching this stage, the accumulated energy of the sample reached
its self-storage limit. Although the external force continued to work on the sample, the
dissipated energy, Uy, of the sample increased rapidly at this stage. The growth rate of U,
saw negative growth. On the macrolevel, the bearing capacity of the sample was gradually
lost, and crack propagation and coalescence occurred, causing the sudden brittle failure.

5. Conclusions

In this paper, a chemical damage model for rocks was proposed and verified by
the semi-immersion tests and uniaxial compression tests. The degradation law of the
mechanical properties of black sandy dolomite under aqueous chemical action was studied
in combination with the energy mechanism. The main conclusions are as follows:

(1) Based on the chemical damage mechanism of the water—rock interaction on rocks,
a uniaxial compression chemical damage model for rocks was established. When
considering the heterogeneity of the rock itself, the chemical damage relationship of
rocks was established based on the change in mass of the samples before and after
water immersion by using damage theory, the strain equivalence principle, and the
generalized strain equivalence principle;

(2) The theoretical curves were compared with the uniaxial compression test results after
the deterioration of the water-rock interaction of each sample. The test curves were
in general agreement with the theoretical curves, which verified that the proposed
model could reflect the stress—strain relationship after water—rock interaction;

(38) The dissipative energy, Uy, of the natural black sandy dolomite samples was slightly
different from that of the chemically corroded sample. In the late yield stage and
after the peak, the sharp growth point in the dissipative energy, Uy, of the chemically
corroded sample was relatively lower. This indicated that the brittleness of the sample
under a chemical solution decreased, and the elastoplasticity increased. The released
elastic strain energy saw little change at its peak. The water—rock interaction was
mainly dominated by the dissolution effect, and the composition and properties of
the rocks did not change greatly. The U /U value of the sample decreased, while the
Ug/ U value increased with solution concertation.
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