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Abstract To explore the chemical and mechani-
cal effects of acid mine drainage on water and rock,
acid mine drainage (AMD) dissolution tests, triaxial
compression tests, and acoustic emission tests were
performed on limestone rock samples with different
bedding dip angles. Combined with scanning elec-
tron microscopy and nuclear magnetic resonance
analyses, the changes in the internal pores and sur-
face morphologies of the rock samples before and
after dissolution were analyzed. The results were as
follows. (1) AMD dissolution mainly occurred in the
shallow surfaces and bedding planes of the limestone
samples. During dissolution, the shape of the matrix
crystal disappeared to form small pores, and residual
substances appeared during the dissolution of the
bedding plane. These small pores were prone to the
creation of large honeycomb-like dissolved pores. (2)
With increasing bedding plane angle, the compressive
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strengths and elastic moduli of the limestone samples
exhibited V-shaped distributions. Additional branch
cracks were derived from the limestone samples after
dissolution, and dissolution reduced the mechanical
strength of the limestone by decreasing the crack ini-
tiation stress and damage stress. (3) With increasing
bedding dip angle, the uniaxial failure modes of the
rock samples changed from matrix tensile failure and
shear failure along the bedding plane to plane tensile
failure. After dissolution, the limestone matrix was
prone to cracking and spalling along the surface of
the sample. (4) There were differences in the triaxial
compression failure modes between the dissolved
limestone and the undissolved limestone. When
a=0° or 90°, the limestone samples formed addi-
tional branch fissures after dissolution. When a=45°,
the formation of penetrating cracks along the bedding
plane was obviously controlled by the bedding plane.
(5) A chemical-mechanical damage model was estab-
lished and modified by the compression coefficient K,
which could effectively reflect the deformation of the
dissolved rock sample during loading.

Article highlights

o The difference between the limestone matrix and
bedding surface under the dissolution of AMD
was investigated.

e Relationships among the mechanical properties,
bedding dip angles, and damage evolution char-
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acteristics of specimens subjected to AMD were
revealed.

e A chemical-mechanical damage model modified
by the compression coefficient K was established.

Keywords AMD - Laminated rock - Soaking
corrosion in an acidic environment - Mechanical
properties - Chemical-mechanical damage model

1 Introduction

The development and utilization of coal mine
resources have greatly contributed to human industrial
production and daily life. However, more than 3500
coal mines in China have closed in the past 30 years
due to the coal resource depletion, resource integra-
tion, and clean energy development, among other rea-
sons (Jiang et al. 2020; Zhu et al. 2022). The number
of coal mines to be closed will reach 15,000 by 2030,
according to statistics from the Chinese Academy of
Engineering (Yuan et al. 2018). After closure, drain-
age stops, and the water level in the mining area rises
rapidly, resulting in the output of acid mine drainage
(AMD) wastewater characterized by a low pH, high
zinc concentration, high sulfate content (Fortes et al.
2022; Retka et al. 2020; Rodriguez et al. 2018; Santos
Jallath et al. 2018), heavy pollution and strong corro-
siveness (Xia et al. 2023). Under the action of acidic
dissolution, the physical and mechanical properties
of a rock mass can change (Huang et al. 2021; Xu
et al. 2022a, b), impacting the chemical dissolution
and stress field imbalance characteristics of carbonate
rock overlying the mining site.

To date, some achievements have been made in the
study of the dissolution and microstructural charac-
teristics of carbonate rocks under the dissolution of
various chemical solutions. The dissolution and karst
features of carbonate rocks are closely related to their
geological structures, hydrogeological conditions, and
lithologies. Chemical composition, mineral composi-
tion, pore structure, and particle characteristics have
certain influences on dissolution (Bai et al. 2019).
The dissolution rate of carbonate is positively propor-
tional to the calcite content, while it decreases with
increasing dolomite content (Bai et al. 2019). Lime-
stone rock is more susceptible to acid dissolution
than lime dolomite rock under the same acidification
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conditions (Zhang et al. 2020). In addition, the micro-
section of the rock affects the dissolution of the acid.
The rock microstructure can control the acid-rock
reaction of dolomite. The looser the microstructure
is, the faster the reaction (Xu et al. 2022a, b). During
the dissolution of limestone samples in different pH
solutions, the porosities undergo different changes.
The lower the pH of the solution is, the faster the rate
of change in the porosity and the greater the porosity
resulting from the intense chemical reaction (Li et al.
2018a; b; Zhang et al. 2022). The pore scales gradu-
ally change from the nanoscale to the microscale with
decreasing pH; the single pore area and perimeter
increase and the fractal dimension decreases (Liu
et al. 2023a; b). In an acidic environment, the micro-
scopic pore structure of limestone exhibits fractal
characteristics. The fractal dimension first increases,
then decreases, and finally increases with increasing
soaking time (Chen et al. 2022).

With the continuous occurrence of dissolution, the
internal structures, mineral particles, and pores of
the rock masses change, in addition to their strengths
and parameters. During the dissolution of limestone,
chemical corrosion critically influences the propaga-
tion of microcracks and accelerates the damage devel-
opment of the sample (Li et al. 2018a; b); Li et al.
reported that the chemical corrosion rate significantly
affects the development of microcracks in rocks (Li
et al. 2020). In addition, the change in the pH of the
chemical solution still affects the mechanical prop-
erties of the rock. For example, Liu et al. reported
that the mechanical properties (uniaxial compressive
strength, elastic modulus, tensile strength, and brittle-
ness index) of a sample decrease with decreasing pH
(Liu et al. 2023a; b). Li et al. reported that a change
in pH reduces the mechanical properties of rocks by
affecting the changes in the porosity and microdam-
age characteristics (Li et al. 2018a; b). Yang Yu et al.
reported a decrease in pH, an increase in dissolution
time, an increase in cracking and a decrease in peak
strength (Yu et al. 2023). Consequently, limestone
exhibits an obvious creep effect in acidic solution,
and the lower the pH is, the greater the creep defor-
mation (Jiang et al. 2012). Dissolution affects the fail-
ure mode of the sample. Huayan et al. reported that
the deformation and failure modes of limestone sam-
ples subjected to triaxial compression tests after soak-
ing in chemical solution change from brittle to tough
(Huayan et al. 2016).
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The above studies were focused on the microstruc-
tural, mechanical, and damage evolution properties
of rocks undergoing chemical corrosion. Most of
these scholars used custom acid solutions to carry out
experiments. However, engineering rock masses are
mostly present in acid mine drainage environments.
The mechanical properties of bedding limestone are
significantly affected by dissolution, bedding plane,
and time characteristics, among other factors. In this
paper, based on AMD samples removed from a closed
mine, dissolution tests of limestone samples with dif-
ferent bedding dip angles were performed. Combined
with scanning electron microscopy, nuclear magnetic
resonance, and other microscopic tests, the changes
in the internal pores and surface morphologies of
the rock samples before and after dissolution were
analyzed. Triaxial compression and acoustic emis-
sion tests were conducted on corroded rock samples,
and a chemical-mechanical damage model of bed-
ding limestone under AMD dissolution conditions
was constructed, providing a theoretical basis for the
study of rock mass engineering stability properties in
shutting coal mines.

2 Sample preparation and test scheme

2.1 Sample preparation

The AMD sample was extracted from an abandoned
coal mine in Guizhou (Fig. 1). The calcium ion

(Ca**), magnesium ion (Mg”"), total iron concentra-
tion, and pH were tested with an atomic absorption

Fig. 1 Acid mine drainage sampling

Table 1 Basic parameters of the AMD solution

Basic indica- Ca’*/(mg/L) Mg**/
tor (mg/L)

Total iron/  pH
(mg/L)

Content 20.01 16.54 118 2.54

spectrophotometer and a pHS-3C digital platform pH
meter. The basic indicators of the solution are shown in
Table 1.

The rock sample was a medium-thick limestone
with bedding in the first member of the Lower Trias-
sic Daye Formation (T,d;). According to the standard
test method for engineering rock masses (GB/T 0266-
2013), standard cylindrical limestone samples with
bedding dip angles of 0°, 30°, 45°, 60° and 90° were
prepared (Fig. 2).

2.2 Test scheme

1) Dissolution scheme

Each specimen had a different bedding dip angle
(x=0°, 30°, 45°, 60°, and 90°) and was individually
placed in a container and soaked with 1.8 L of AMD
solution. Both ends of the rock samples were smeared
with preservatives to avoid affecting the subsequent
mechanical test results. The initial pH of the acid solu-
tion was 2.54, and the total dissolution time was 240 h.

2) Axial and triaxial compression test

To determine the relationships between the mechani-
cal parameters and dissolution damage characteristics,
a series of triaxial compression tests were carried out
on undissolved and dissolved specimens with different
bedding dip angles. The stress—strain curves and acous-
tic emission (AE) characteristic curves were recorded
until the samples were fully destroyed as shown in
Table 2.

3) Nuclear magnetic resonance test
Nuclear magnetic resonance (NMR) tests were

carried out to determine the fracture locations and
propagation modes for the above samples under three
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Fig. 2 Typical limestone
samples with different bed-
ding angles

(a) 0=0°

Table 2 Triaxial compression test scheme for the limestone
rock samples

Test condition Inclination angle of ~Confining Number
bedding plane/° pressure o3/ of sam-
MPa ples
undissolved ~ 0°, 30°, 45°, 60°, 0,5,10 25
90°
dissolved 0°, 30°, 45°, 60°, 0,5,10 23"
90°

“Some problems arose when the samples with bedding angles
of 30° were soaked and dissolved; thus, triaxial compression
tests with confining pressures of 5 MPa and 10 MPa were not
performed.

conditions: before dissolution, after dissolution, and
after triaxial compression failure. The MesoMR12-
060H-I nuclear magnetic resonance imaging analyzer
and the axial section imaging diagram of the limestone
samples are shown in Fig. 3.

4) Scanning electron microscopy and energy spec-
trum tests

Smooth sections of the stroma and bedding plane
were selected for scanning electron microscopy

Fig. 3 MesoMR12-060H-1
NMR equipment and sam-
ple imaging section

@ Springer

(b) a=45° (c) 0=90°

(SEM) and energy spectrum analyses. The experi-
mental design involved observations of the rock
specimens at magnifications of 500x, 1000x, and
2000 .

3 Analysis of the test results
3.1 Dissolution test

As shown in Fig. 4, as the dissolution time increased,
the solution gradually became increasingly turbid as
the bedding dip angle increased from a=0°. The yel-
low precipitates were attached to the rock surface,
and bubbles were observed during dissolution. When
the dissolution time reached approximately 48 h, the
soaking solution was the most turbid. Then, the solu-
tion gradually clarified to a certain extent. After the
test was performed, a considerable amount of mate-
rial precipitated at the bottom of the container, and
yellow attachments with bubble structures on the
surfaces of the limestone samples were apparent. A
layer of white inclusions formed between the yellow
precipitate and the rock matrix.
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Fig. 4 Dissolution phenomena at different times (a=0°)
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Fig. 5 Ion concentration in solution at different times

The change in the dissolution process was con-
sidered to occur due to the chemical reaction in
solution. Figure 5a shows that the concentration of
calcium ions (Ca’") in the solution first increased
slowly at the beginning of the experiment and then
increased rapidly. These changes occurred because
the reaction between the AMD and the limestone
sample gradually intensified from the surface to the
shallow layer of the sample. Moreover, the chemical
reaction was enhanced, and the solution gradually

24 I I I I 1 I 1 L I 1
0 25 50 75 100 125 150 175 200 225 250

time/h

(b) pH

became turbid. When t> 50 h, the growth rate of the
Ca”* concentration was slower than that in the early
stage because the precipitated substances attached
to the surfaces of the samples hindered the com-
bination of mineral components and reduced the
occurrence of chemical reactions. Therefore, dur-
ing dissolution, the dissolution was weakened after
t>48 h, and the solution gradually clarified.

The bedding effect caused the solute Ca®* con-
centration of the limestone rock with a=45° to be

@ Springer
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generally greater than that with a=0° because the
dissolution reaction gradually developed and infil-
trated the rock sample from the bedding plane under
long-term dissolution conditions. The variations in
the H' concentrations of the dissolved limestone
samples with different dip angles were in the order of
90° <45°<60°<30°<0°. When t>175 h, the con-
centration of H* in the solution decreased, and the
reactions between H* and the mineral components in
the limestone decreased in intensity; thus, the Ca**
concentration tended to stabilize as shown in Fig. 6.

3.2 SEM test comparison

As shown in Fig. 7, the bedding planes of the undis-
solved limestone were primarily considered lami-
nated structures with small pores. The crystals of
the fresh limestone matrix were intact and closely
related to each other. Tiny holes were present
between the local grains with obvious cleavages
and clear crystal outlines. After AMD dissolution,
the bedding limestone exhibited obvious differ-
ential dissolution. The shape of the matrix crystal

Fig. 6 Schematic diagram
of the sampling position
of SEM: a undissolved
limestone and b dissolved
limestone

disappeared, and a serrated corrosion morphol-
ogy formed along the cleavage direction of calcite.
Residual substances appeared during the dissolu-
tion of the bedding plane, forming honeycomb-like
dissolution pores. The corrosion precipitates were
attached to the matrix body and the bedding surface.
The matrix dissolution easily produced small disso-
lution pores, and the bedding surface had large dis-
solution pores. Combined with the analysis of the
energy spectrum test results, the limestone matrix
was considered to be mainly composed of calcite,
which could react with hydrogen ions (H*) to form
free calcium ions. The bedding planes contained
clay, quartz, feldspar, and other minerals. Moreover,
soluble substances were dissolved, and residual sub-
stances formed dissolution pores.

Figure 8 shows that the surface attachments of
the limestones were mainly calcium sulfate (CaSO,)
and iron-containing precipitates. The AMD solution
was usually rich in iron ions (Fe**) and sulfate ions
(S0,%), leading to the presence of these attach-
ments. As the limestone reacted with hydrogen ions
(H%) in the solution, the concentration of calcium
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Fig. 7 Microstructural characteristics of the bedding planes and matrices of the undissolved limestone samples
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Fig. 8 Characteristics of the dissolution precipitates

ions (Ca’") increased, and the sulfate ions (SO42_)
in the solution combined with calcium ions (Ca?*)
to form calcium sulfate (CaSO,) crystals that could
be attached to the limestone surface.

3.3 Analysis of the mechanical properties of the
dissolved limestone samples

3.3.1 Results of the uniaxial compression test

Figure 9 shows the stress—strain curves and AE
characteristics of the undissolved and dissolved
limestone samples with different bedding angles
under uniaxial compression tests. In the compac-
tion stage, the microcracks in the limestone sam-
ples were compressed, the stress—strain curves were
nonlinear and slightly sunken, and a few AE signals
appeared along the direction of crack compaction.
Subsequently, the curve entered the linear elas-
tic deformation stage, and no AE signals could be
clearly observed. Then, the increasing stress led to
the formation of new microcracks, and the mechani-
cal properties of the limestone samples continu-
ously deteriorated. The stress—strain curve deviated
from a straight line during the plastic stage, and the

(b) Calcium sulfate precipitate (1000%)

AE signals steadily increased, indicating that addi-
tional microcracks constantly occurred inside the
samples. Finally, when the stress reached 0,, @ mac-
rofracture plane formed. At this time, the AE sig-
nals increased sharply.

The AE signals of the limestone samples were
increasingly active after the elastic deformation stage
under AMD dissolution conditions, further indicat-
ing that dissolution tended to cause chemical damage.
The influence of the bedding inclination angle on the
AE signal decreased in the order of 0°>90°>60°
(Fig. 11), which was mainly related to the failure
mode. The 0°, 90°, and 60° rock samples exhibited
matrix tensile failure, bedding plane tensile fracture,
and shear failure along the plane, respectively, while
the AE signals gradually weakened.

According to the uniaxial compression test,
the relationships among the uniaxial compressive
strengths, the elastic moduli, and the bedding dip
angles of the undissolved and dissolved limestone
samples are shown in Fig. 10. With increasing
angle, the compressive strength and elastic modu-
lus of the limestone samples exhibited V-shaped
distributions. Among the five angles, the uniaxial
compressive strengths and elastic moduli were

@ Springer
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Fig. 11 Stress—strain curves of the undissolved limestone samples (a =45°)

uniaxial compressive strengths of the dissolved
limestone specimens decreased by 12.622, 10.974,
14.194, 12.145, and 19.693% compared with those
of the corresponding undissolved limestone.

3.3.2 Results of the triaxial compression test

Martin (1997) proposed relationships among the volu-
metric strain, crack volumetric strain, and axial strain
to determine the characteristic strengths of rocks. The
volumetric strain (g,) was the total strain, which could
be expressed by the elastic volumetric strain (g,,) and
the crack volumetric strain (e,,). The elastic volumetric
strain was related to the elastic modulus (E) and Pois-
son’s ratio (v). The calculation formulas for the elastic
volumetric strain (g,,) and crack volumetric strain (e,,)
were as follows (Wang et al. 2012, 2014; Zhang et al.
2022):

EV = gev + ecv

ey

1 —
Eev = E

2V (61 + 263) )

1-2v
Eov =&y — E

(o1 +203) 3)

where v is Poisson’s ratio and o, 0; and E are the
axial stress, confining pressure, and elastic modulus
(MPa), respectively.

According to the abovementioned method, the
stress—strain curves of partially corroded samples
and uncorroded samples under different confining
pressures were drawn at bedding dip angles of 45°
(Figs. 11 and 12). o,—0; are the stresses, &, is the
axial strain, e; is the circumferential strain, €, is the
volumetric strain (ev = AV/V0 =€l +2¢3), and
&,, and g, are the elastic volumetric strain and crack
volumetric strain, respectively. Compression is the
positive direction of strain, and expansion is the nega-
tive direction of strain. In the figures, r-45°-5 MPa

@ Springer
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Fig. 12 Stress—strain curves of the dissolved limestone samples (¢ =45°)

represents dissolution compression, with a bedding
dip angle of 45° and a confining pressure of 5 MPa.
Figures 11 and 12 show that the total stress—strain
curves could be divided into five stages during tri-
axial loading. Stage I (OA) was the primary micro-
fracture closure, and its upper stress was the frac-
ture closure stress o,.. Stage II (AB) was the elastic
compression stage, the upper stress value of which
was the rock-initiating crack stress o,.. The crack
volumetric strain peaked for compression and began
to expand with crack growth. Stage III (BC) was the
stage of stable crack development, and its upper stress
value was the rock damage stress o, The volumetric
strain peaked for compression, and the whole volume
began to expand. Stage IV (CD) was the rapid crack
development stage, and its upper stress value was the
peak stress o,. Stage V (DE) was the stage of post-
peak deformation and failure, and point E was the
residual stress o,,. As the axial strain £, increased, the
variation trends of the relationship curves of (¢, —05)
—¢), (6,—03) —&3, (6,—03) —¢,, &,—¢€, and €,,—¢€,

@ Springer

for the undissolved and dissolved limestone samples
were similar under different bedding dip angles and
confining pressures.

The characteristic stresses of the undissolved and
dissolved limestone samples under the different test
conditions are listed in Table 3. The corrosion effect
reduced the mechanical strength of the rock mass in
terms of crack initiation stress and damage stress.
When the confining pressure was the same, the bed-
ding dip angle controlled the crack growth, and the
crack volume expansion rate at a=45° was faster
than that at ¢=0°, which accelerated rock failure.
The increasing confining stress decelerated rock fail-
ure. When o;=5 MPa, the initiation crack stresses,
damage stresses, and peak stresses of the dissolved
limestone samples decreased by 23.79, 12.92, and
4.91%, respectively, at a=0° and by 14.89, 17.3, and
0.48%, respectively, at a=45° compared with those
of the undissolved limestone. When ;=10 MPa, the
initiation crack stresses, damage stresses and peak
stresses of the dissolved samples decreased by 14.99,
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T}?ble 3 ‘St'rengtfh h " Test condition Initiation stress ~ Damage stress Peak stress o/MPa Residual
characteristics 0 the roc o,/MPa o,/MPa stress o,/
masses under different MPa
loading conditions
0°5Mpa 63.6 151.36 198.09 55.63
0° 10Mpa 84.18 169.55 274.25 100.5
r0° 5Mpa 48.47 131.81 188.37 41.95
r0° 10Mpa 71.556 138.4 265.4 109.07
When the bedding angle 45° 5Mpa 35.64 66.4 126.1 50.64
is 0° and the confining 45° 10Mpa 432 90.9 139.71 60.04
pressure is 5 MPa, 10 is r45° SMpa 30.33 54.936 125.5 46.98
5 MPa under the action of r45° 10Mpa 37.7 76.18 131.04 65.12
dissolution.

18.37, and 3.22%, respectively at ¢=0° and by 13.66,
16.19, and 6.21%, respectively, at a =45°.

3.4 Failure mode

As shown in Fig. 13, when the confining pressure was
0 MPa, the failure modes of limestone with increas-
ing bedding angle were mainly splitting failure, slid-
ing failure along the bedding plane, and tensile fail-
ure along the bedding plane. When a=0°, the crack
split and propagated along the axial direction, the
horizontal layer stratified the vertical crack propaga-
tion, and the sample loosened and broke after failure.
When a=45°, crack propagation was dominated by
slip failure along the bedding plane, and some rotat-
ing cracks penetrated multiple bedding planes. The
stress analysis showed that the tensile cracks broke

the matrix. When a=90°, the crack underwent tensile
failure along the bedding plane. Through compara-
tive analysis, there were differences in the compres-
sive deformation and failure characteristics of lime-
stone soaked in AMD solution. Dissolution led to the
development of pores in the shallow surface of the
limestone, and microcracks easily formed along the
bedding planes and peeled off, which decreased the
limestone strength.

As shown in Fig. 13. When a=0° and
03=>5/10 MPa, the failure mode of the undissolved
sample was shear failure, the main crack expanded
at oblique angles of approximately 60°~70°, and
some branch cracks penetrated the matrix. When
a=0° and o;=5 MPa, the main crack of the dis-
solved sample was approximately 60°, and branch
cracks were observed on the bedding plane. When

Fig. 13 Typical failure
diagrams of the triaxial
compression tests and NMR
imaging tests

undissolved

dissolved
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03=10 MPa, the main crack angle of the corrosion
sample was approximately 60°, and a reverse crack
with an angle of 68° formed simultaneously. The
two main cracks formed the X-shaped crack, and
the cracks propagated in many layers. When a=45°
and o;=5 MPa under the control of the dip angle
of the bedding plane, the main crack fracture angles
of the undissolved and dissolved samples were all
approximately 45°, and shear failure occurred along
the bedding planes. When ¢, =10 MPa, the mechan-
ical strength of the limestone matrix decreased due
to the influence of dissolution. Due to the inhibition
of the confining pressure, branch cracks formed in
the dissolution sample and propagated along the
matrix. When @¢=90° and 6;=5 MPa, the main
crack of the undissolved sample was approxi-
mately 57°, and the limestone matrix was crushed.
The corrosion samples showed Y-shaped cracks
with angles of 68°. The local limestone matrix was
crushed, and branch cracks formed. When a=90°
and 63=10 MPa, a crack in the undissolved sample
appeared at 64°, the limestone matrix was crushed
to a reduced degree, and the main crack ran through
the whole sample. The mechanical strength of the
matrix of the dissolved sample decreased, and the
whole matrix was crushed.

A difference was apparent in the triaxial compres-
sion failure mode between the dissolved and undis-
solved limestone specimens. When a=0° or 90°,
main cracks penetrating at shear angles of approxi-
mately 60-70° are formed, and after dissolution,
additional branch cracks form in the limestone sam-
ples. When a=45° penetrating cracks obviously
form along the bedding plane.

4 Chemical-mechanical damage model
4.1 Definition of the damage variable

Under the action of hydrochemical dissolution and
external loading, a rock mass would be damaged,
which would directly deteriorate its mechanical
parameters and bearing capacity. According to the
Lemaitre strain equivalence principle (Lemaitre 1984,
1985; Lemaitre et al. 1994), the strain caused by the
nondestructive stress acting on the damaged material
was equivalent to the strain caused by the effective

@ Springer

stress acting on the undamaged material. The expres-
sions of chemical damage and mechanical damage
were obtained by conversion (Jiang et al. 2011):

e=0/E=6/E,=0c/Ey\1 —D) )

o =(1—-D)Eye = (1-D¢)(1—D,,)Epe

5
= (1 =Dg =D, + D:D,)Eye ©)

where E is the elastic modulus of the damaged mate-
rials, 6 is the effective stress, D is the total damage
variable, D, is the damage value under chemical
action, D,, is the damage variable in the compression
process, and E; and ¢ are the rock mechanical param-
eters in the initial state without damage.

4.1.1 Chemical damage variable

The elastic modulus was used to analyze and measure
the hydrochemical damage variable D,

De=1-— (6)

where E. is the elastic modulus of the limestone sam-
ple after hydrochemical dissolution.

According to the calculations, the chemical dam-
age results are shown in Fig. 14. The analysis results
revealed that the chemical damage characteristics of
the limestone samples exhibited V-shaped distribu-
tions with increasing bedding angle under the same

—m— dissolved iy
0.18 /
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Fig. 14 Chemical damage variables under dissolution condi-
tions
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dissolution conditions. The chemical damage values
were between 0.10 and 0.20, indicating that AMD
had obvious dissolution effects on the limestone sam-
ples. When a>30°, the chemical damage to the lime-
stone caused by dissolution was increasingly obvious.
The bedding dip angle had a certain effect on control-
ling the chemical dissolution damage characteristics
of the rock.

4.1.2 Mechanical damage variable

In the field of rock mechanical damage calculations,
many theories have been developed, including con-
tinuous damage theory, geometric damage theory,
and fractal damage theory. Among these theories,
research on continuous damage theory is the most
mature and has been widely used (Wang 2017; Zhao
2019).

According to theoretical analysis, a rock mass
could be divided into numerous microunits. Then,
the ratio of the failure number of microelements N, to
the total number of microelements N could be used to
define the cumulative effect of element failure (dam-
age variable D,,) during loading:

D, =~ @)

The Weibull distribution was suitable for describ-
ing the strength distributions of microunits (Shen
et al. 2019). It was assumed that the limestone sam-
ple was composed of several microelements with dif-

the Weibull distribution function (Eq. 8) (Deng et al.
2011; Tang et al. 1990; Wong et al. 2006). The bound-
ary conditions corresponding to the beginning and
end of the test (Eq. 9) were substituted into Eq. (8)
(Jiang et al. 2011; Zhang et al. 2019). The functional
relationship between the mechanical damage variable
and the strain was established by the integral deriva-
tive mathematical method (Eq. (10)).

dD/dx = ¢(x)

o =2(2) " e [-(2)]

e=0,0=0

D =0,do/de = E
oc=o0pe=¢

£ :ef,da/de=0

®

where ¢(x) is the probability density function of the
Weibull distribution; m is the shape factor of the dis-
tribution function, representing the uniformity of the
rock; a is the distribution factor, which represents
the overall average value of the ultimate strain of the
microelements; or is the stress at the end of the test;
and & is the strain at the end of the test.
The variable was calculated as follows:

L,em

m " ef

D ,=1-¢@"=1-¢ (10)

The mechanical damage parameters of the undis-

ferent defects, and the microelement strength obeyed solved and dissolved limestone samples with
Table 4 Mechanical Test condition Undissolved Dissolved
damage parameters of
limestone specimens with Dip angle /° Confining o/MPa  &l% E/GPa m o/MPa ¢&/% E/GPa m
different dip angles pressure /
MPa
0 0 118.28 0.9492 19.174 232 103.35 0.8619 16319 3.25
5 198.09 1.28 18.508 5.58 188.37 1.25 15.753 22.55
10 27425 1.24 24.836  8.62 265 1.28 21.14 479
30 0 90.39 0.8080 13.846 4.69 80.47 0.9576 12235 2.66
45 0 66.79 0.63 11.847 9.01 57.31 0.7599 9.88 3.7
5 126.1 0.854 18.1471 4.8 1255 0.75 18.2 9.96
10 139.71 0.8 21.519 479 131.04 0.79 17.946 12.7
60 0 415 05104 9.1 8.88 3646 0.7332 7.526 241
90 0 105.62 0.7268 20.179 3.05 84.82 0.6047 17.142 4.99
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Fig. 15 Evolution curves of the mechanical damage variables

different dip angles and confining pressures are listed
in Table 4.

According to the calculation results in Fig. 15,
the mechanical damage parameters of the undis-
solved and dissolved limestone specimens
approached O at the initial stage of loading, and the
microscopic voids of the rock were compacted and
closed. When the stress exceeded its elastic limit,
new microcracks and macrocracks continuously
formed inside the sample, the circumferential strain
increased, and the growth rate of the damage varia-
ble D,, gradually increased. When the fissures were
interconnected, penetrating failure occurred, the
strength of the sample sharply decreased, and the
damage variable D,, approached 1.0. This phenom-
enon was consistent with the change in the acoustic
emission signal during sample compression. The
theoretical expression of the damage variable with
respect to the strain was considered reasonable.

Figure 15a, b, and c¢ show that dissolution,
bedding dip angle, and confining pressure could
influence the changes in the damage variable D,,.
The damage to the dissolved limestone clearly
increased during loading, and the damage variable
D,, increased rapidly at a low strain level. When
the damage variable D,, of a limestone sample with
a bedding dip angle of 45° reached 1, the strain
was the lowest, and the growth rate was the fastest.
The D,, growth rates of the limestone samples with
bedding dip angles of 60° and 90° were the second
largest. With increasing confining pressure, in the

@ Springer

(b) Effect of bedding dip angle

€/% £)/%

(c) Effect of confining pressure

initial stage of loading, the internal damage of the
sample was weak, and the damage growth accel-
erated in the later stages, with almost exponential
growth.

4.2 Modification of Damage to Stress—strain Curve

By substituting Egs. (6—10) into Eq. (5), the specific
functional expression of the mechanical parameter
degradation was established.

o =(—-D)Eye = (1-D¢)(1-D,)Ese

PRI L

The damage model in Eq. (11) could not reflect
the characteristics of pore compaction under load-
ing and had to be modified. During AMD-induced
limestone corrosion, the number of pores increased.
In the whole process of loading deformation, the
initial compaction stage accounted for a large pro-
portion, which could not be generally considered
elastic deformation. Therefore, the compaction
coefficient K was used to represent the deforma-
tion characteristics of the pore compaction stage.
Based on previous studies (Liu et al. 2016, 2018;
Xu et al. 2018), the compaction coefficient K was
defined as the ratio of the slope of the stress—strain
curve to the Young’s modulus E at the compaction
stage, which could effectively describe the com-
paction characteristics of rock materials. However,
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considering that in the compression and postfailure
stages, the crack volumes of the samples underwent
expansion instead of compression, and they basi-
cally presented logarithmic growth. K was adjusted
as follows.

-1
lognl <u + 1> £ S Ef
Ef
K= '

E
I — =1 >
0g,, <€f > £>¢f

where n, n; and n, are experimental fitting constants.
In this work, the coefficient K was introduced, and
the model was modified to the following expression:

12)

o =(1-D)Eye = (1-D¢)(1=D,)Ee = (1 —DC)KEOee_;<‘£f>

ogy formed during calcite cleavage, which easily
formed small pores. The dissolution of the bed-
ding surface resulted in the formation of honey-
comb-shaped dissolution pores, making it easy to
produce large pores.

(2) With increasing bedding plane angle, the com-
pressive strength and elastic modulus values of
the limestone samples exhibited V-shaped distri-
butions. Additional branch cracks were derived
from the limestone samples after dissolution,
and dissolution reduced the mechanical strength
of the limestone from the aspects of crack initia-
tion stress and damage stress. When the confining
pressure was the same, the bedding angle affected
the crack volume expansion.

13)

Some of the bedding limestone compression data
were selected for calculation via Eq. (13), and the
modified stress—strain curve was obtained. As shown
in Fig. 16, the modified mechanical model could
effectively reflect the whole stress—strain curve char-
acteristics of the bedding limestone and was highly
consistent with the test curves.

5 Conclusions

(1) There were dissolution differences between the
bedding planes and matrices of the limestone
samples. During dissolution, the matrix crystals
disappeared, and a serrated dissolution morphol-

(3) At 03=0 MPa, with increasing bedding dip
angle, the failure modes of the rock samples
transitioned from matrix tensile failure and
shear failure along the bedding plane to plane
tensile failure. The triaxial compression failure
modes between the dissolved and undissolved
limestone specimens were different. When
a=0° and 90°, additional branch cracks formed
in the limestone sample after dissolution. When
a=45°, the formation of controlled penetrating
cracks along the bedding plane was increasingly
obvious.

(4) By coupling the chemical damage variables
and mechanical damage variables and by per-
forming theoretical calculations, the stress—
strain changes were predicted during the test.

I i o 200 -
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Fig. 16 Comparison of the compression and modified curves of bedding limestone
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A mechanical model considering chemical
damage and mechanical damage was estab-
lished and modified by the compaction coef-
ficient K, which could effectively reflect the
stress—strain process throughout rock sample
compression.

This paper was only focused on microscopic mor-
phological changes, mechanical properties, and one-
dimensional damage constitutive models. This model
for rocks under chemical-mechanical actions was
verified. Further research on the three-dimensional
damage constitutive model would be needed to pro-
vide a basis for theoretical research.
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