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In order to investigate the microscopic response mechanism of limestone deterioration under alternating water-rock action in the
acidic environment, the porosity, water absorption, mass loss characteristic, and microcrack propagation characteristic were
analyzed by laboratory wetting-drying cyclic tests. The results show that, with increasing the number of cycles, the porosity,
water absorption, and mass deterioration of the limestone specimens showed an overall increasing trend; moreover, at the
beginning of the cycles, the physical deterioration of the specimen was significantly affected by the wetting-drying cycles, and
at the end of the cycles, the physical deterioration of the specimen tended to be stable. The porosity deterioration degree
reached 30.324% at the beginning of the cycles; there is a slight fluctuation in 20 cycles and then decreases as the number of
cycles increases. The growth rate of water absorption increases slowly in 5~15 cycles and reaches the peak value in 20 cycles,
and the growth rate decreases rapidly in the latter stages of the cycles. The increase rate of mass deterioration degree decreases
with the increase of cycle number, the maximum average value can reach 61.887% at the beginning of cycles and is relatively
stable at 20~25 cycles, and the average value at the end of cycle is obviously reduced by 3.167%. The nuclear magnetic
resonance (NMR) test shows that the number and size of pores in the rock gradually increase with the increase of the number
of wetting-drying cycles, and the wetting-drying cycles aggravate the internal damage of the rock. The number of shear cracks
and fragmentation of the specimens increase as the increase of the number of cycles, and the failure of the specimens is mainly
in the form of shear damage in the uniaxial compression test.

1. Introduction

The alternating wetting-drying cycles of rock are common in
underground engineering field. The water-rock interaction
weakens the physical and mechanical characteristics of the
rock due to the presence of many microscopic or macro-
scopic crack defects in the rock itself [1], which leads to
the deformation of the surrounding rock of underground
engineering, roof caving, and other disasters. Many studies
have been carried out about water-rock interaction. Yao
et al. [2], Li et al. [3], Hu et al. [4], and Deng et al. [5] inves-
tigated the microstructure and mechanical properties of
sandstone under water-rock interaction (wetting-drying
cycles), and the results showed that water-rock interaction

has an effect of dissolution on the internal cement of sand-
stone, which leads to a significant deterioration effect on
the microstructure and macroscopic strength properties.
The experiments carried out by Tang revealed that water-
rock interactions significantly decrease the shear strength
of rock fractures [6]. For the rock damage effects in an acidic
environment, Ding and Feng [7–9] analyzed the damaging
effect of the microstructure of the rock and the fracture cri-
terion of the fractured rock under chemical corrosion condi-
tions and established the calculation formula of the damage
variable based on the porosity. Through the analysis of the
complete stress-strain curve of the triaxial compression test,
the influence law of limestone deformation and strength cor-
rosion effect is obtained. He and Guo [10] observed the
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failure characteristics of the internal structure of the core
under the action of acid by scanning electron microscope
and analyzed the influence mechanism of different acid on
the deformation characteristics and strength properties of
limestone combined with the triaxial mechanical test. Huang
et al. [11] considered that acidity had a significant influence
on the characteristic parameters of red sandstones, such as
surface features, mass and longitudinal wave velocity, poros-
ity, thermal conductivity, and tensile strength. Li et al. [12]
performed mechanical experiments on limestone to investi-
gate the effects of different pH values of chemical solutions
on porosity, microdamage, and macromechanical property
deterioration. The pH values of the chemical solutions
change the porosity and microdamage of the rock, which is
the root cause of its mechanical property deterioration.
According to Huang et al. [13], the acid solution causes
sandstone to corrode and soften. The dynamic peak stress
of sandstone is greatly affected by the acid dry-wet cycle,
and as the pH of the acidic solution decreases, the elastic
modulus and dynamic peak stress both decrease while the
peak strain increases. Sandstone fragments exhibit more
fractured blocks and smaller particle sizes as the acid dry-
wet cycle intensifies. Nuclear magnetic resonance (NMR)
technology was used by Wang [14], Zhao et al. [15], Zhong
et al. [16], and Song et al. [17] to analyze the change law of
microscopic pores of rock internal structure under water-
rock action and then studied the influence law of rock
microstructure deterioration on mechanical strength prop-
erty damage. Liu et al. [18–20] studied the evolution law of
microscopic pore deterioration in rocks under the action of
wetting-drying cycles and discussed the effect of the number
of wetting-drying cycles on the damage of rock strength
parameters through mechanical experiments. With the help
of discrete element software, the contact network, force
chain distribution, and crack development law of particles
inside the rock are analyzed. From the above analysis, it
can be seen that under the physical and chemical action of
the wetting-drying cycles, the rock microstructure changes
continuously, such as the increase of primary pores or the
generation of new microcracks that connect with each other;
as a result, the macroscopic mechanical strength of the rock
is greatly reduced.

Guizhou province is in the southwestern part of China
with the most widely distributed karst landforms and in
which the lithology is mainly limestone. Mastering rock
mechanical properties is one of the essential theoretical
foundations for mining engineering roadway support, roof
control, and underground pressure management. From the
above analysis, there are relatively few studies on the physi-
cal property deterioration of karst limestone in the Guizhou
area under the action of alternating water-rock cycles in the
acidic environment. Moreover, most of the predecessors pri-
marily focused on the mechanical properties of sandstone,
mudstone, and shale under the action of wetting-drying
cycles, whereas in the microresponse of rock damage, only
a single NMR technique or numerical simulation is usually
considered, and the two are rarely analyzed combined. Based
on the previous work, the wetting-drying cyclic experiments
of limestone are carried out, and by combining NMR tech-

nology and numerical simulation in this study, the microre-
sponse mechanism of limestone physical damage under the
action of water-rock cycles in the acidic environment is dis-
cussed, and this establishes the foundation for follow-up
research on the deterioration of limestone mechanical prop-
erties under the action of wetting-drying cycles.

2. Test Method

The specimens in this study are limestones with typical karst
landforms in Guizhou province, which are gray, gray-black,
and dense in structure. According to mineralogical analysis,
the main minerals are 76.4% calcite, 21.2% dolomite, 1%
quartz, less than 1% argillaceous, and other components less
than 1%. The rock samples were processed into standard
specimens with a diameter of 50mm and a length of
100mm. The specimens were soaked in an acidic solution
with a pH of 2~4 for the wetting-drying cyclic test. The spec-
imens were first naturally saturated in an acidic solution for
48 hours and then dried at 105°C for 24 hours, which is
defined as a cycle. The experimental process is shown in
Figure 1. The tests were carried out for 5, 10, 15, 20, 25,
and 30 cycles. After each cycle was completed, the water
absorption and mass of the specimens were tested, respec-
tively, and the porosity test was carried out by NMR. The
definition of deterioration degree in this work is described
in the following equation:

D = Dn −D0j j
D0

× 100%, ð1Þ

where D is the deterioration degree of the physical char-
acteristic parameters after a certain cycle, Dn is the physical
characteristic parameter of the specimens after a certain
cycle, and D0 is the physical characteristic parameter in the
initial state.

To decrease the discreteness of the test data and avoid
the impact of changes in the microstructure of the rock spec-
imens on the test findings, the longitudinal wave velocity
and natural density of specimens were conducted to test.
The longitudinal wave velocity of the specimens can be con-
veniently measured by RSM-SY5(T) (see Figure 1), and the
specimens with similar longitudinal wave velocity and natu-
ral density were selected for the wetting-drying cycle test.
The specimens were separated into six groups, with two
specimens in each group designated SY1 and SY2, respec-
tively. The longitudinal wave velocity and natural density
of specimens are shown in Table 1.

3. Test Result Analysis

3.1. Pore Deterioration Analysis. The porosity of rock is an
important indicator to characterize the development degree
of rock fractures, and it also indirectly reflects the internal
structural characteristics of rocks. Its intricate micro and
macropore structure controls the mechanical damage and
deformation failure of rock [21]. The deterioration of rock
microstructure in an acidic environment is primarily
expressed in the changing of rock porosity due to the action
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of wetting-drying cycles; the effective porosity of rock
increases with increasing the number of cycles [22]. The
porosity of rock specimens was determined by nuclear mag-
netic resonance (NMR) technology after wetting-drying
cycles. The porosity and the degree of deterioration com-
pared to the previous cycle are presented in Figure 2.

It can be seen from Figure 2 that with the increase of the
number of cycles, the porosity of the specimens shows an
increasing trend, and near the conclusion of the cycle (the
number of cycles is 25-30), the porosity tends to be stable.
The degree of pore deterioration is particularly high at the
beginning of the cycle (the number of cycles is 5), with an
average of 30.324%, and then gradually decreases. However,
as the number of cycles reaches 20, the pore deterioration
degree swings substantially, indicating an upward trend,
and then reduces as the number of cycles increases overall.

3.2. Water Absorption Characteristic Analysis. The water
absorption characteristic of rocks is one of the most signifi-
cant indicators for evaluating the physical qualities of rocks
as they represent the degree of development of pore struc-
ture and microcracks in the rock. The water absorption of
the limestone specimens is obtained from the following
equation [23, 24]:

ωsa =
msa −mdr

mdr
× 100%, ð2Þ

where msa represents the mass of a saturated specimen
and mdr is the mass of a dry specimen. The water absorption
of rock under various cycles is shown in Figure 3.

Figure 3 demonstrates that the water absorption of the
rock increases with the increase of the number of cycles
and tends to be stable when it reaches 25-30 cycles. Com-
pared with the growth rate of the previous cycle, the growth
rate of rock water absorption is relatively steady in 5-15
cycles. When the number of cycles reaches 20, the growth
rate of rock water absorption increases suddenly and then
swiftly falls.

3.3. Mass Loss Analysis. The physical and chemical effects of
rock minerals lead to rock disintegration and mineral disso-
lution under the conditions of wetting-drying cycles in an
acidic environment, which results in the mass loss of rock.
Mass loss is defined as the difference between the mass of
the specimen after cyclic drying and the mass of the dry
specimen in its natural state. Figure 4 presents the general
variation trend of mass loss as it increases with the number
of cycles. The mass loss of the specimens is gradually weak-
ened by the number of cycles. When the number of cycles is
25~30, the mass loss degree is expected to steady.

In addition, the deterioration of the specimen mass is
mainly owing to the mass loss caused by the dissolution of
minerals in the acidic solution. The growth rate of the mass
deterioration degree is relatively high in the early stage of the
cycle, and the average maximum can reach 61.887%. How-
ever, the growth rate of mass loss degree reduces as the num-
ber of cycles increases and is relatively stable at 20-25 cycles,
after which the growth rate of mass deterioration falls dra-
matically, with an average value of 3.167%, indicating that
the speed of mass deterioration tends to decrease with the
number of cycles. These results are in agreement with those
obtained by D. T. Nicholson and F. H. Nicholson [25].

3.4. NMR Microstructure Damage Test. The nuclear mag-
netic resonance (NMR) technology uses the nuclear mag-
netic effect of hydrogen nuclei under the action of an
external magnetic field. Pulses quantify the relaxation time
of hydrogen nuclei in saturated rock specimens, reflecting
the pore size and fraction of the pores in the rock specimen
[17, 26]. The value of the relaxation time on the horizontal

Specimens 48 hours
acidic solution

24 hours
105°C

Wetting-drying cycles

SY1 SY2

SY1 SY2 SY1 SY2
Immerse

Ultrasonic tests

Some specimens processed
in laboratory Natural saturating Drying

Figure 1: The process of the wetting-drying cyclic test.

Table 1: Longitudinal wave velocity and natural density of
specimens.

Group No.
Longitudinal wave
velocity (m/s)

Natural density
(g/cm3)

SY1 SY2 SY1 SY2

1 3620.045 3636.552 2.671 2.660

2 3796.221 3776.398 2.677 2.662

3 3707.845 3694.265 2.672 2.694

4 3860.323 3841.968 2.692 2.675

5 3663.455 3646.484 2.678 2.644

6 3903.520 3881.445 2.698 2.691

Average value 3752.377 2.676
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axis (T2) is proportional to the pore size distribution, that is,
the horizontal axis indicates that the pore size gradually
increases from left to right. The amplitude of the signal on
the vertical axis is proportional to the proportion of pores,
and its peak value represents the fraction of pores corre-
sponding to the pore size [17, 26].

The T2 chart of different wetting-drying cycles, shown in
Figure 5, has three peak regions corresponding to micro-
pores, mesopores, and macropores from left to right. The
cumulative value of the signal (spectral peak area) represents

the proportion of pores in a certain pore size range. The fig-
ure shows that the rock specimens are mainly composed of
micropores and mesopores, while the proportion of macro-
pores is not obvious. However, with the increase of the num-
ber of wetting-drying cycles, the peak value of the T2 curve
and the span of the horizontal axis gradually increase, indi-
cating that as the number of cycles increases, the number
of pores and pore size in the rock gradually increase as well.
In other words, the wetting-drying cycles aggravate the
microstructural deterioration inside the rock.
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Figure 2: The variation law of porosity and deterioration degree.
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Figure 3: The variation law of water absorption.
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4. Numerical Analysis of Microcrack
Propagation in Uniaxial Compression

The discrete element method (DEM) has been widely used
in the microscopic study of rock mechanics [27–30]. The
particle flow code (PFC) is a numerical method based on

the DEM that represents the rock as a dense packing of
nonuniform-sized cemented particles bonded together at
their contact points and whose mechanical behavior is
defined by the bonded-particle model [27, 31]. This method
is useful for investigating the mechanical properties of rock
during wetting-drying cycles [32–34]. In this study, a
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Figure 4: The variation of mass loss.
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numerical simulation of microcrack propagation in uniaxial
compression was performed using PFC. The size of the PFC
model specimen is 50mm in diameter and 100mm in
length, as shown in Figure 6. It is necessary to take into
account the REC in the modeling because it is an important
parameter to determine the particle size of the model. Previ-
ous studies have shown that when the REC is greater than
10, the effect of particle size on the simulation results of
the model is negligible [33, 35, 36]. The REC is defined as
follows:

REC = L
Rmin

� � 1
1 + Rmax/Rminð Þ

� �
, ð3Þ

where L is the minimum size of the specimen, Rmin is the
minimum particle size, and Rmax is the maximum particle
size. According to Castro-Filgueira et al. and Potyondy and
Cundall [27, 31], the Rmax/Rmin value of 1.66 is the best for
reproducing a rock specimen, and the model satisfies the
requirement when the value of Rmin is 0.3mm. Furthermore,
the stress-strain curve of the uniaxial compression test
derived using the flat-joint contact model can adequately
represent rock mechanical properties [27, 31, 37].

The microscopic crack propagation and structural frag-
mentation distribution features of the specimens under the
action of uniaxial compressive are analyzed in this study,
as well as the microresponse of limestone deterioration
under the action of wetting-drying cycles. The uniaxial com-
pressive stress-strain curve is shown in Figure 7.

Figure 7 illustrates that with the increase of the number
of wetting-drying cycles, the peak strength of the rock
sequentially decreases, as does the slope of the stress-strain
curve. Other researchers’ findings have revealed a similar
tendency [19, 38]. The numerical simulation findings reveal
that the peak strength of the rock for cycles 5, 15, and 30 is
reduced by 19.81%, 17.75%, and 28.03%, respectively, com-
pared with the previous stage cycle. The numerical simula-
tion findings are generally consistent with the results

obtained from the laboratory experiments, which can be
used as a basis for subsequent analysis.

Figure 8 shows the specimen’s microscopic fracture
development and fragmentation distribution following uni-
axial compression failure. Generally, the specimen is mainly
damaged along the direction of the shear crack. In the natu-
ral state (in the case with 0 cycle), the microcracks show a
development trend of obliquely penetrating from the top to
the bottom of the specimen, and the degree of fragmentation
is low, indicating that the damaged block is mainly intact.
After five cycles, the shear microcrack had completely pene-
trated the top and bottom of the specimen, and the fragmen-
tation along the shear failure surface had gradually
increased. After 15 cycles, the number of shear cracks rose
and rapidly spread to the side of the specimen, eventually
breaking it. After 30 cycles, the shear crack developed to
the ends and sides of the specimen, the fragmentation of
the specimen increased significantly, and many tiny rock
blocks were created when the specimen was broken. The
failure characteristics of the specimens mentioned above
are consistent with the results of laboratory experiments.
In a word, with the increase in the number of drying and
wetting cycles, the number of shear cracks and fragmenta-
tion gradually increases, and the failure mode of the speci-
mens is mainly manifested as shear failure.

5. Discussion

According to the test results, the wetting-drying cycle has a
significant impact on the physical properties of limestone
specimens such as porosity, water absorption, and mass.
Figure 9 demonstrates the change in appearance of some
specimens after cyclic immersion. After soaking in the acidic
solution, the mineral particles, initial defects (such as
cracks), and roughness of the specimen’s surface become
more visible, indicating that the physical and chemical reac-
tion occurred between the specimen and the solution, and
the structural integrity of the specimen was eroded. In par-
ticular, the specimens with initial defects and coarse mineral
particles have more obvious erosion traces, and the more
cycles, the stronger the erosion effect.

It can be seen from the relationship between the porosity
and deterioration of the aforementioned specimens that the
average porosity of the specimen increased from 0.179% in
the initial (0 cycle) to 0.458% in 30 cycles, an overall increase
of 155.87%. The degree of deterioration reached its maxi-
mum at the beginning of cycles, with an average value of
30.324%, and then, there is a fluctuation point at 20 cycles,
after which it drops to 2.452% at the end of the cycles, which
shows that the porosity presents a nonlinear variation law
with the number of wetting-drying cycles, and it is because
the limestone mineral components are more sensitive to
the wetting-drying cycles in an acidic environment. Calcite,
the primary mineral in limestone, chemically interacts with
acid ions in the solution, destroying the bonding between
mineral particles or crystals and causing changes in their
microstructure. The deterioration process can be described
as the chemical reaction caused by water infiltrating into
the rock through the primary microcracks, resulting in the
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Figure 6: PFC numerical model.
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dissolution of minerals and the expansion of microcracks
and primary cracks, as well as increasing the specimen’s
porosity [39]. The test findings show that porosity increases
steadily over 5~15 cycles while the degree of deterioration
decreases as compared to the preceding cycle, which indi-

cates that the minerals in the specimen were progressively
dissolved to produce micropores at this stage, but the rate
of pores develops slowly. When the number of cycles is
increased to 20, the degree of pore deterioration dramatically
increases, indicating that the microscopic cracks of the
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Figure 7: Stress-strain curve of uniaxial compression test.
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Figure 8: Microcrack propagation under different cycle conditions.
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specimen are interconnected or the primary cracks expand,
resulting in a significant increase in porosity. Moreover,
the presence of minerals or chemical reactants are difficult
to completely dissolve, which slows the rate of physical and
chemical reactions. Therefore, in the postcycle period, the
porosity growth slows down and the deterioration degree
decreases. It can be seen from the T2 curves that the increase
in specimen porosity is mainly dominated by micropores
and mesopores, which is caused by the dissolution of soluble
minerals in the specimens to generate new micropores.
Then, the micropores gradually transform into mesopores
as the number of cycles increases. However, with the reduc-
tion of soluble minerals, the continuous deterioration of
pores is diminished, and the internal damage of the speci-
men gradually tends to be stable in the later period of drying
and wetting cycles [17].

The variation in the water absorption characteristics of
the specimens indicates that as the number of cycles
increases, the average water absorption rate increases from
0.072% to 0.206%, and the average water absorption growth
rate reaches a peak value of 61.974% at 20 cycles; then, it
drops to 4.202% and levels off at the end of the experiment.
The water absorption process of rock is not that the rock
mineral particles themselves absorb water, but the water
occupies the micro or macropores between the particles.
Therefore, the change in water absorption is mainly deter-
mined by the characteristics of the pores within the rock
and its changing law [33]. The test results show that the
water absorption rate of rock has a similar relationship to
the aforementioned pore deterioration process, in that it
increases relatively smoothly in the early stage of the cycle,
suddenly increases after 20 cycles, and then decreases signif-
icantly and tends to be stable in the later period.

From the numerical simulation results of uniaxial com-
pression, enhancing the number of drying and wetting
cycles, the deterioration of the microporous structure inside
the specimen destroys structural integrity and reduces the
bonding strength of microscopic particles; as a result, the

number of microcracks gradually increases and penetrates
both ends of the specimen under the load. Meanwhile, the
fragmentation along the crack surface gradually increases
and develops towards the end and side of the specimen,
and the microscopic particle contact fracture is intensified,
which is reflected in the macroscopically shearing failure
and the formation of more fragments.

The foregoing research also shows that indexes such as
rock porosity, water absorption, and mass are the parameters
that describe the physical properties of rock specimens, the
essence of the damage is that the rock specimen is eroded by
acid, which leads to the deterioration of the internal structure
and the expansion of primary fractures, and the initial
wetting-drying cycle has a great influence on the physical dete-
rioration of the specimen. The influencing factors of physical
damage of limestone under dry-wet cycle conditions are
mainly reflected in aspects of macroscopic and microscopic,
the presence of macroscopic crack initiation defects provides
an erosion path for the acidic solution, and when the solution
penetrates the internal structure of the rock, it leads to the gen-
eration of microscopic pores, which aggravates the compre-
hensive deterioration effect to the rock.

6. Conclusion

(1) The degree of pore degeneration compared to the
previous cycle is relatively high, with an average of
30.324% at the beginning of the cycle and then grad-
ually decreasing. However, the degree of pore deteri-
oration showed an increasing trend at 20 cycles and
then decreased overall with the increase of the num-
ber of cycles

(2) The water absorption rate of the rock increases with
the increase in the number of cycles and tends to be
stable when it reaches 25-30 cycles. The growth rate
of rock water absorption is relatively steady at 5-15
cycles. The average water absorption growth rate

(a) 10 cycles (b) 20 cycles (c) 30 cycles

Figure 9: Change of appearance characteristics of some specimens after cyclic immersion.
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reaches a peak value of 61.974% at 20 cycles and then
decreases rapidly in the later period of cycles

(3) The growth rate of mass loss degree reduces as the
number of cycles increases. It is relatively high in
the early stages of the cycles, and the average maxi-
mum reaches 61.887% and is relatively stable at 20-
25 cycles, after which the growth rate of mass loss
falls dramatically, with an average value of 3.167%

(4) With the increase of the number of wetting-drying
cycles, the peak value of the T2 curve and the hori-
zontal axis’s span gradually increase, indicating that
the number of pores and pore diameter gradually
increase, and wetting-drying cycles aggravate the
microstructural deterioration within the rock

(5) With the increase of the number of drying and wetting
cycles, the number of shear cracks and fragmentation
gradually increases under uniaxial compression, and
the failure of the specimens is mainly with a shear
failure mode
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