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Abstract: The cyclic wetting–drying (W–D) effect as a typical form of weathering causes the engi-
neering properties of rock degradation. Unlike previous research on soft sedimentary rocks, this
study sought to investigate the influence of W–D cycles on the physical and mechanical properties
of the black sandy dolostone. The results show that the surface hardness and uniaxial compressive
strength decreased by 1.5% and 17.2%, respectively, after 12 W–D cycles. The behavior of water
absorption of dolostone showed a logarithmic growth with W–D cycles. Analysis of the pH and
electrical conductivity values of the soaking solution and microstructure of dolostone revealed that
carbonate mineral and feldspar dissolution was the major reason to result in the increase in pore
volume and micro-fissure. The oxidation of pyrite contained in the rock was deduced to accelerate
the chemical reaction and rock degradation. The obtained results are expected to provide engineering
values for rock mechanics studies when compared with in situ conditions.

Keywords: water–rock interaction; wetting–drying cycles; strength decrease; structure deterioration

1. Introduction

The mechanical behaviors and the degradation characteristics of geomaterials have
traditionally been met with the effects of environmental factors, which determine the
behaviors and responses of samples representative of the physical environments. Due to
exposure to a changing ambient environment, the rock is generally suffering various kinds
of weathering [1]. One of the most important factors in environmental condition is the
moisture of the rock. Any variation of the moisture condition affects its rock conditions. As
a typical type of weathering process, the cyclic wetting–drying effect plays a significant
important role in influencing the geological and strength properties of rock. A good
understanding of the degradation characteristics of rock under the effect of cyclic wetting–
drying will facilitate proper design of engineering structures in geohazards mitigation and
geotechnical applications [2,3].

There have been several previous studies to investigate the rock mechanics in the
laboratory through a series of wetting–drying (W–D) cycles. Mass changes to physical
properties have been recorded in laboratory studies [4,5]. The effect of wetting and drying
has been found to be an effective agent under a range of simulated environments [6–8].
However, most of the studies were performed on relatively weak and soft rocks, in which
the influence of water–rock interaction was mainly focused on the water–clay interaction [9].
After experiencing the wetting–drying cycles, the main failure mechanisms for the laminated
mudstone start on the microscopic scale by fissures coalescence, exhibiting physico-chemical
degradation as well [10]. Compared to the mechanical behaviors of soft rocks subjected to
W–D cycles, the process of strength degradation in hard rocks was rather different, with
a more pronounced effect of crack development [11]. Subjected to different rock moisture
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fluctuations ranging from 29% to 63% saturation after 52 W–D cycles, the porosity of the
sandstone samples had increased, and water absorption capacities and the saturation coeffi-
cients of the samples had decreased [12]. The deterioration of medium-grained sandstone
strength and deformation properties is found to be mainly associated with the micro-cracks
generated inside the rock in response to cyclic wetting–drying weathering [13].

Some experimental studies of the relationship between water–rock interaction and rock
mechanical effects from the perspective of chemical corrosion have been conducted [14–16].
Franzoni and Sassoni tested several limestone, sandstone and marble specimens in a simulated
acid rain test [17]. It was shown that moisture change that occurs under cyclic wetting and
drying can weaken the overlying rock by expansion and contraction. Water is a good solvent
and principal agent in physical and chemical weathering.

Some studies have proposed that chemical composition analysis theory and the dam-
age mechanics method can effectively analyze chemical damage mechanisms in water–rock
interaction [18–20]. The water–rock interaction has a significant time effect on the me-
chanical parameters of rocks, and its effect varies for different rocks [21–23]. It was found
that an aqueous environment with higher OH− concentration causes a significant increase
in the growth rate of quartz fracture [24,25]. The weathering and dissolution of many
mudstone minerals are caused by the reaction of pyrite with acids in the environment
during oxidation [26–28]. After chemical etching of shale specimens, the soluble mineral
composition decreases and clay minerals increase, while mineral cementation becomes
loose and mineral edges become blurred. The relative mass loss, secondary porosity and
most of the mechanical characteristics of the shale decreased gradually with the decrease
in pH and the increase in soaking time [29–31]. In addition, due to the existence of pore
fractures in the rock mass, if the groundwater level changes, the pore water pressure will
also change accordingly, leading to deformation of and damage to the rock mass [32,33].
Although the wetting and drying methods are different among these studies, a consensus
can be obtained that the cyclic wetting–drying treatment greatly deteriorates the perfor-
mance of rock. In order to preserve the integrity of rocks, reducing the moisture content
should be taken into consideration [34].

Among the sedimentary rocks, mudstone and sandstone are typical and prevalent
research objects under the influence of water–rock interactions. Whereas black sandy
dolostone, referred to as a kind of black carbonate rock with a low content of pyrite, is
rarely studied. In this study, the free immersion method was experimentally investigated to
study the influence of cyclic wetting and drying treatment on the mechanical behavior of the
black sandy dolostone. A uniaxial compression test and hardness test on sandy dolostone
specimens experiencing different numbers of wetting–drying cycles were conducted, and
the variations of physico-mechanical, geochemical and structural properties of the rock are
examined and discussed.

2. Materials and Methods
2.1. Chemical Composition of Sample

In this paper, the lower Cambrian black sandy dolostone in Chengkou County,
Chongqing Municipality, China, was selected as the main object of this study (Figure 1).
A simplified structural map of Chengkou County is presented in Figure 1a, and a general
geological map of the study area is shown in Figure 1b. The study area is a subtropical
monsoon climate zone with sufficient sunshine and rainfall, and the weathering of rocks in
the area is mainly in the form of alternating wet and dry effects. Under natural weathering
conditions, an acidic water environment is easily formed near the exposed dolostone, which
affects the physical and mechanical properties of rock mass.



Minerals 2023, 13, 1306 3 of 14Minerals 2023, 13, x FOR PEER REVIEW 3 of 15 
 

 

 

Figure 1. (a) Simplified structural map of Chengkou County; (b) simplified general geological map 

of the study area from the green box in (a). 

The seepage water from the slope containing the black sandy dolostone is weakly 

acidic at the study site. This is due to groundwater acidification by the oxidation of sulfide 

minerals contained in the black dolostone [30]. The chemical alteration of the rock mineral 

composition caused by acidic erosion water is an important reason for the structural dam-

age of the rock [31]. Acidic water not only destroys the internal structure of the rock and 

causes rock alteration but also carries away the loose material at the flow path. The acidic 

water will accelerate the acidification and hydrolysis inside the rock and even form cavi-

ties when it flows deeper into the rock.  

Rock specimens for the experiment were sampled from a depth of 3 m from the out-

crop surface. Thirty typical rock samples were collected without significant visual differ-

ences. The samples were stored on-site in a sealed bag under dry conditions. Three rocks 

were selected as specimens for the test, named K-1, K-2 and K-3, respectively. The rock 

samples (K-1, K-2, K-3) were cleaned on the surface with deionized water and then dried 

in a drying oven at 60 °C for 24 h. Then, the rock sample was crushed by the crusher with 

agate mortar and was screened with a 200-mesh nylon sieve (<75 μm). X-ray analyses were 

widely used to determine the mineralogical and chemical composition of the geological 

and industrial materials [35]. The following powders are used for mineral composition 

determination and analysis. Mineral analysis was conducted with X-ray diffraction (XRD; 

Rigaku Geigerflex RAD-IIB, Japan) of randomly oriented powder mounts using Cu Kα 

radiation at 20 kV and 50 mA from 3° to 40°. The results of XRD mineral analysis are 

shown in Table 1 and Figure 2. It can be obtained that the minerals with high contents in 

the black sandy dolostone are mainly dolomite, quartz, clay minerals, pyrite and plagio-

clase. Dolomite has the highest content, accounting for 46.6%–52.4%, followed by quartz, 

clay minerals, pyrite and plagioclase, accounting for 31.7%–36.8%, 8.4%–9.2%, 3.6%–5.3% 

and 1.6%–2.9%, respectively. Among them, the clay minerals mainly consist of illite, chlo-

rite and kaolinite, accounting for 1.9%–3.6%, 0.4%–0.6% and 0.3%–0.5%, respectively.  

The main elemental analysis of the dolostone sample was performed using an X-ray 

fluorescence spectrometer (ARL Advant’XP). The main chemical compositions are re-

ported in Table 2. It can be seen that SiO2 content is the highest at 32.0%–36.4%, followed 

Figure 1. (a) Simplified structural map of Chengkou County; (b) simplified general geological map
of the study area from the green box in (a).

The seepage water from the slope containing the black sandy dolostone is weakly
acidic at the study site. This is due to groundwater acidification by the oxidation of sulfide
minerals contained in the black dolostone [30]. The chemical alteration of the rock mineral
composition caused by acidic erosion water is an important reason for the structural
damage of the rock [31]. Acidic water not only destroys the internal structure of the rock
and causes rock alteration but also carries away the loose material at the flow path. The
acidic water will accelerate the acidification and hydrolysis inside the rock and even form
cavities when it flows deeper into the rock.

Rock specimens for the experiment were sampled from a depth of 3 m from the outcrop
surface. Thirty typical rock samples were collected without significant visual differences.
The samples were stored on-site in a sealed bag under dry conditions. Three rocks were
selected as specimens for the test, named K-1, K-2 and K-3, respectively. The rock samples
(K-1, K-2, K-3) were cleaned on the surface with deionized water and then dried in a drying
oven at 60 ◦C for 24 h. Then, the rock sample was crushed by the crusher with agate mortar
and was screened with a 200-mesh nylon sieve (<75 µm). X-ray analyses were widely used
to determine the mineralogical and chemical composition of the geological and industrial
materials [35]. The following powders are used for mineral composition determination and
analysis. Mineral analysis was conducted with X-ray diffraction (XRD; Rigaku Geigerflex
RAD-IIB, Japan) of randomly oriented powder mounts using Cu Kα radiation at 20 kV
and 50 mA from 3◦ to 40◦. The results of XRD mineral analysis are shown in Table 1
and Figure 2. It can be obtained that the minerals with high contents in the black sandy
dolostone are mainly dolomite, quartz, clay minerals, pyrite and plagioclase. Dolomite
has the highest content, accounting for 46.6%–52.4%, followed by quartz, clay minerals,
pyrite and plagioclase, accounting for 31.7%–36.8%, 8.4%–9.2%, 3.6%–5.3% and 1.6%–2.9%,
respectively. Among them, the clay minerals mainly consist of illite, chlorite and kaolinite,
accounting for 1.9%–3.6%, 0.4%–0.6% and 0.3%–0.5%, respectively.

The main elemental analysis of the dolostone sample was performed using an X-ray
fluorescence spectrometer (ARL Advant’XP). The main chemical compositions are reported
in Table 2. It can be seen that SiO2 content is the highest at 32.0%–36.4%, followed by
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CaO and MgO at 16.5%–18.6% and 11.6%–13.0%, respectively. For the rest, Al2O3 is about
2.2%–3.3%, SO3 is 2.3%–2.8% and TFe2O3 is 1.3%–1.6%. The loss on ignition (LOI) of the
rock specimens was relatively high at 25.6%–29.0%.

Table 1. Mineral composition of black sandy dolostone (Mass fraction: %).

Specimen Dolomite Quartz Pyrite Plagioclase Elysium Kaolinite Chlorite

K-1 52.4 31.7 4.6 2.2 1.9 0.5 0.4
K-2 46.6 36.8 5.3 2.9 3.1 0.3 0.6
K-3 51.8 33.8 3.6 1.6 3.6 0.5 0.5
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Table 2. Main chemical composition of black sandy dolostone.

Specimen SiO2 Al2O3 TFe2O3 K2O MgO CaO Na2O SO3 TiO2 P2O5 LOI

K-1 32.8 2.2 1.4 0.5 12.9 18.3 0.2 2.3 0.1 0.1 28.5
K-2 36.4 3.3 1.6 0.9 11.6 16.5 0.3 2.8 0.2 0.1 25.6
K-3 32.0 2.2 1.3 0.6 13.0 18.6 0.2 2.3 0.1 0.1 29.0

2.2. Experiments
2.2.1. Sample Preparation and Immersion

According to the International Society of Rock Mechanics (ICRM) recommendations
to prepare the corresponding specimen, the shape of the test pieces is a cylinder, with a
diameter of 50 mm and a height of 100 mm.

A schematic of the wetting procedure is presented in Figure 3. The water absorption
process adopted the free immersion method. The specimen was placed vertically in the
immersion tank. The deionized water was added to 1/4 of the sample for the first time, and
then water was added to 1/2 and 3/4 of the sample every 2 h. After 6 h, all the specimens
were submerged in water, and the water level was 20 cm higher than the sample. During
the immersion process, the Electrical Conductivity (EC) and pH values of the solution were
measured with an EC meter and pH meter.

The rock sample was removed, and the water absorption process of the rock specimen
was completed after immersion for 48 h. After that, the sample was placed in a drying oven
with a temperature of 60 ◦C for 24 h. The sample was then cooled to room temperature and
subjected to relevant testing.

To study the effect of wetting–drying cycles on the deterioration of dolostone, standard
samples of dolostone (A to H) were used for different physical and mechanical tests. Group
A was in the natural state, group B was in the saturated state, group C was in the dry state
and groups D to H referred to 1, 3, 6, 9 and 12 times of W–D cycles, respectively.
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Figure 3. Schematic illustration of the immersion process of black sandy dolostone.

2.2.2. Water Absorption Test

Water absorption is one of the most important hydrologic properties, which reflects
the degree of fissure development in rock mass. The water absorption test was completed
during the W–D cycles, and the quality of the dolostone samples was recorded in each
W–D cycle. The natural water absorption of rock is calculated as follows:

ωi =
mw −ms

ms
× 100% (1)

where ωi is the water absorption of the samples, mw is the mass of the sample after
immersion in water and ms is the mass of the sample after drying.

2.2.3. Surface Hardness Test

In order to determine whether the W–D alternating environment affects the surface
hardness of the black sandy dolomite samples, the surface hardness tests of the samples
under the W–D state after different cycles were carried out with the Richter Leeb hardness
tester (MH680).

2.2.4. Uniaxial Compression Test

Uniaxial compression tests are conducted by using a YAW4106 computer-controlled
electro-hydraulic servo pressure tester. During the tests, the dolostone specimen is placed
in the center of the bearing plate of the testing machine, so that the two end surfaces of the
specimen and the upper and lower end surfaces of the bearing plate of the testing machine
are contacted evenly. The loading speed was 1.0 MPa/sec.

To study the extent of the samples’ deterioration in each stage, the total deterioration
degree (∆σi) is defined as the percentage of uniaxial compressive strength loss of the
dolostone sample under the action of W–D cycles. At the same time, the stage deterioration
degree (∆σsi) is defined as the increase in the percentage of rock strength loss under different
W–D cycles. The rock sample without the W–D cycle is regarded as the benchmark, and
the stage deterioration degree is 0. Their calculation formula is as follows:

∆σi =
(σi − σ0)

σ0
× 100% (2)

∆σsi =
(σi + 1− σi)

σi
× 100% (3)

where σi (MPa) is the uniaxial compressive strength of the i cycle and σ0 (MPa) is the
uniaxial compressive strength without experiencing W–D cycles.

2.2.5. BET and BJH Test

Gas physisorption is a laboratory method that relies on the balance of Van der Waals
forces between gas molecules and solid particles. This technique is used to measure
characteristics such as the specific surface area (SSA), the distribution of pore sizes (PSD)
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and the volume of pores within solid materials and powders [36,37]. This technique
depends on an equilibrium adsorption isotherm, which is typically measured at the normal
boiling point of the adsorbate, such as 77 K for nitrogen (N2) or 87 K for argon (Ar). The
variation of pore characteristics can reflect the deterioration mechanism of black sandy
dolomite to a certain extent. The pore characteristics of rock were tested by nitrogen
adsorption test, using a BSD-PS1-type nitrogen adsorption test instrument. The test results
include the specific surface area and pore size of the rock sample. The BET multipoint
method and BJH method were used to test specific surface area and pore size of rock.

3. Results
3.1. Effect of Wetting–Drying Cycles on Water Absorption

The water absorption of dolostone samples under different W–D cycles was tested, and
the effect of W–D cycles on the water absorption rate of dolostone was further investigated
to derive the variation patterns involved. Figure 4 shows the test results of the water
absorption test. The periodic increment of water absorption was the amount of change
between two adjacent test results. Water absorption of samples was one of the most
important hydrologic properties, and it can be seen that there is not much increase in water
absorption, which may be related to the very dense rocks themselves [38]. The fitting curve
equation is shown in Equation (4).

ω(%) = 0.05181 + 0.00722× ln(N + 1) (4)

where N is the number of W–D cycles. The water absorption of the dolostone samples was
positively correlated with the number of cycles. This indicates that the W–D cycling process
causes changes in the water absorption of the rocks, which leads to deterioration of the
rock properties. As the water absorption of the rocks increased, the water–rock interaction
also strengthened. The periodic increment of water absorption decreased gradually with
the number of W–D cycles increased.
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3.2. Effect of Wetting–Drying Cycles on Surface Hardness

The relationship between W–D cycles and the surface hardness of dolostone was
investigated by measuring the surface hardness of specimens. The experimental results of
the surface hardness test are shown in Figure 5. The surface hardness of the samples was
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765.0 and 762.6 in the dry and wet states, respectively. The surface hardness of the sample
did not change significantly during the whole experiment process when the total hardness
degradation was less than 2%. However, as the number of cycles increased, the overall
trend decreased, which means that the W–D cycles affected the hardness of the rock and
led to a reduction in rock properties. Other things being equal, the surface hardness of the
dolostone in the wet condition was slightly lower than that in the dry condition. This may
be due to the hydrolysis of some minerals in dolostone during the W–D cycles, which leads
to the alteration of the surface hardness of the rocks.

Minerals 2023, 13, x FOR PEER REVIEW 7 of 15 
 

 

0 3 6 9 12
0.045

0.050

0.055

0.060

0.065

0.070

0.075

 Water absorption (%)

 Fitting curve R2=0.938

W
at

er
 a

b
so

rp
ti

o
n
 (

%
)

Number of cycles 

1
0.000

0.004

0.008

0.012
 Periodic increment of water absorption

P
er

io
d
ic

 i
n
cr

em
en

t 
o
f 

w
at

er
 a

b
so

rp
ti

o
n

 
Figure 4. Water absorption of dolostone samples under different W–D cycles. 

3.2. Effect of Wetting–Drying Cycles on Surface Hardness  

The relationship between W–D cycles and the surface hardness of dolostone was in-

vestigated by measuring the surface hardness of specimens. The experimental results of 

the surface hardness test are shown in Figure 5. The surface hardness of the samples was 

765.0 and 762.6 in the dry and wet states, respectively. The surface hardness of the sample 

did not change significantly during the whole experiment process when the total hardness 

degradation was less than 2%. However, as the number of cycles increased, the overall 

trend decreased, which means that the W–D cycles affected the hardness of the rock and 

led to a reduction in rock properties. Other things being equal, the surface hardness of the 

dolostone in the wet condition was slightly lower than that in the dry condition. This may 

be due to the hydrolysis of some minerals in dolostone during the W–D cycles, which 

leads to the alteration of the surface hardness of the rocks. 

0 2 4 6 8 10 12
750

755

760

765

770

S
u
rf

ac
e 

h
ar

d
n
es

s 
(H

L
)

Number of cycles

 Surface hardness (dry)

 Surface hardness (wet)

 
Figure 5. Relationship between surface hardness and W–D cycles. Figure 5. Relationship between surface hardness and W–D cycles.

3.3. Unconfined Compressive Strength of Dolostone Subjected to W–D Cycles

The mechanical parameters of dolostone samples after different numbers of W–D
cycles were obtained by uniaxial compression tests. The damage patterns of two samples
are shown in Figure 6. It can be seen that brittle damage is the main damage type of
the rocks.
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Figure 6. Damage of K-1 and K-2 samples.

Figure 7 shows the results of the unconfined compressive strength test. The total
and stage deterioration degrees of the samples in the test process are calculated from
Equations (2) and (3). As can be seen, the uniaxial compressive strength of dolostone
showed a general decreasing trend. The deterioration was faster in the early stage of the
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experiment and slowed down until it stabilized in the later stage of the experiment. The total
uniaxial compressive strength deterioration of the dolostone formation samples increased
with the number of cycles. The stage deterioration of uniaxial compressive strength was
4.9%, 3.7%, 2.1% and 0.6%, respectively, which showed a significant decreasing trend. It
is indicated that the deterioration of early rock properties was more significant by W–D
cycles. The unconfined compressive strength values of the samples were fitted, and the
fitting curve was as follows.

σi = 95.56976− 3.83676× ln(N + 0.1) (5)
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4. Discussion

Through the test results of water absorption, surface hardness and uniaxial compres-
sive strength, it can be found that the physical and mechanical properties of black sandy
dolostone deteriorate as the number of W–D cycles increases. In order to further investigate
the mechanism of water–rock interaction during dolostone degradation, this paper further
analyzed the rock pore characteristics and changes of water solution before and after the
test and analyzed the rock degradation mechanism caused by water–rock interaction in
dolostone under W–D cycles at the microscopic level.

As shown in Table 2, the black sandy dolomite samples used in the test contain
carbonate minerals, which are less resistant to water and acid erosion. This results in
deterioration of the structural and mechanical properties of the rock. At the same time,
sulfide minerals, such as pyrite, in the samples accelerate the weathering and oxidation of
rocks. The resulting solution soaks and dissolves the minerals that fill the pores, increasing
the porosity inside the rock. The increase in rock void will provide weathering and
oxidation channels and reaction sites for the internal structure of rock mass. The sample
contains clay minerals, such as illite and montmorillonite. These minerals easily swell
and soften in contact with water. These variations will affect the structure and mechanical
properties of the rock.

4.1. Effect of Wetting–Drying Cycles on Microstructure

Two groups of samples with 0 and 12 W–D cycles were selected for the nitrogen adsorp-
tion test, and the variation trend of pores features was determined through comparative
analysis. Nitrogen adsorption test results are shown in Figure 8.
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In Figure 8a, the nitrogen adsorption of the specimen increased continuously with the
relative pressure. However, because the specific surface area of the specimen decreased
after a certain number of cycles, the corresponding maximum nitrogen adsorption amount
also decreased. Figure 8b shows the distribution curve of pore area and pore size by the
BJH method. The change in nitrogen adsorption corresponded to the specific surface area
of the mesopore (pore diameter ranging from 2 to 100 nm). When the sample exhibits good
adsorptivity in the test, it indicates that the sample has abundant mesopores [39].

The pore size distribution result showed that the black sandy dolostone samples are
mainly mesopores. The specific surface area of the samples after 12 cycles was obviously
smaller than that of the samples without cycles, while the average pore size was larger.
The specific surface area and pore size data of the nitrogen adsorption test is shown in
Table 3. The pore space of the dolostone samples increased with the number of W–D
cycles, while the specific surface area decreased accordingly. The variation of microscopic
pores influences the physical and mechanical properties of rock to a certain extent. The
relationship between rock water absorption and uniaxial compressive strength was studied
to analyze the specific influence law.

Table 3. Nitrogen adsorption test results of dolostone samples.

Number of Cycles Specific Surface Area (m2/g) Average Aperture (nm)

1 1.1987 4.6717
12 1.1129 5.0319

It can be clearly seen from Figure 9 that there is a negative correlation between the
water content inside the rock and the uniaxial compressive strength, and the mechanical
properties of the rock decrease with the water content. Relevant studies have shown that
the mechanical deterioration of rock mass containing clay minerals is more obvious because
such rocks have strong water absorption and expansion properties [40,41]. It has been
proved in the previous sections that rock water absorption increases with the increase in
the number of W–D cycles, while the uniaxial compressive strength of rock decreases on
the contrary. It is speculated that the main reason for this trend is that some minerals will
be dissolved and altered by water–rock interaction after the rock absorbs water, which
leads to the increase in pore size and secondary fractures in the rock. Water is more likely
to soak into the rock, breaking the bonds between the mineral grains and weakening it [42].
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4.2. Effect of Wetting–Drying Cycles on pH and EC of Solution

Chemical interactions play an important role in the deterioration of dolostone. The
chemical changes during the W–D cycles were investigated by testing the soaking solutions.
The soaking solution was tested every 8 h using the pH meter and EC meter. The test
results showed that the sample solution was weakly alkaline, with a pH value of 6.8–8.2
and an EC value of 2–24. In order to better analyze the changes in EC and pH values in a
cycle, the variation of pH and EC values with immersion time was plotted (Figure 10). It
shows that pH and EC values increased with the soaking time. This is because, in the early
stage of the experiment, a small amount of hydrogen ions reacted with some minerals on
the surface of the dolostone sample through a cation exchange reaction, resulting in the
increasing concentration of soluble salts. EC values remained low throughout the water
absorption process, although they showed an increasing trend.
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4.3. Mechanism of Water–Rock Interaction Subjected to Wetting–Drying Cycles

Pore fractures within the black sandy dolomite were observed, as well as some specific
mineral morphologies using Scanning Electron Microscopy (SEM) (Figure 11). The figure
shows the microscopic structure of the specimens before and after 12 cycles.

Figure 11a shows the microscopic images of the specimens before W–D cycles. It can
be seen that the overall structure of the black sandpaper dolomite was very tight. The
darker color was mostly dolomite and quartz, which together formed the overall structural
framework of the rock. The clay minerals, on the other hand, showed a sheet-like structure,
embedded in the framework of dolomite and quartz, or filled in the pores inside the rock.
Figure 11b shows the microscopic images of the specimens after W–D cycles. Rocks that
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have undergone W–D cycles are significantly more fractured than the initial state. This is
because the pore water interacts with mineral particles as it flows through the fractures.
These minerals and ions are carried to the fracture openings for deposition and generation of
secondary minerals. Secondary minerals continue to accumulate and squeeze the primary
pore space, resulting in increasing primary pore space and secondary fractures. The
cementation of the mineral particles is altered so that the mechanical properties are reduced.
The original cementation surface disappears, and the mineral particles are corroded to be
finer and more loosely interconnected [43].
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To further investigate the chemical reactions that cause microstructural changes during
water–rock interaction, the ion concentration of the immersion solution of H-1 specimens
after one cycle was examined. The water quality analysis of the soaking solution was
performed on the specimens after a W–D cycle, and the test results are shown in Table 4.

Table 4. Water quality measurement of soaking water (unit: mg/L).

Cl− CO32− HCO3− SO42− NO3− Ca2+ Mg2+ K+ Na+ Al3+ TFe pH

0.99 42.01 61.02 1.02 1.38 4.17 1.58 0.3 0.5 <0.1 <0.1 7.6

Table 4 shows that the calcium and magnesium ions were relatively high in the aqueous
solution after the first immersion of the rocks, and the concentration of cations such as
sodium, potassium and iron was low. Carbonate ions and bicarbonate ions were present
in large quantities, while sulfate ions were also measured. It is presumed that some of
the carbon dioxide in the air dissolved in the water and some physical dissolution of the
carbonate minerals occurred.

The main cause of rock deterioration under the interaction of W–D cycles is the
chemical reaction between the rock and the water environment resulting in pore changes.
During the whole process of water–rock interaction, the physical and chemical water–rock
interactions will exist simultaneously. Previous studies have found that in the original
sedimentary environment of black carbonate rocks, carbonate minerals such as dolomite are
relatively developed, filling and cementing the pore channels of rock mass, but carbonate
minerals are very sensitive to the environment [44]. In a neutral environment, carbonate
minerals are mainly physically dissolved by W–D cycles. While in an acidic environment,
carbonate minerals tend to chemically react and reduce the overall stability of the dolostone.
The reaction equation is shown in Equations (6) and (7).

MgCa(CO3)2 + 4H+ + 2SO4
2− + 7H2O→ CaSO4 · 2H2O(gypsum) + MgSO4 · 7H2O + 2CO2 (6)

CaCO3 + H2CO3 → Ca2+ + 2HCO3
− (7)
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The dolostone samples contained a small amount of feldspar minerals, but its physical
dissolution and chemical weathering process cannot be ignored. In the process of long-term
physical weathering and transportation, the grain size of feldspar minerals will constantly
decrease. It is easier to dissolve and contact with other minerals in the process of water–
rock chemical interaction. The feldspar minerals in dolostone are easily changed into clay
minerals such as kaolinite and illite by leaching and dissolution. Clay minerals have strong
swelling properties. When encountering water, clay minerals swell, disintegrate and fall off,
which will weaken the mechanical properties of rock and also aggravate the weathering of
surrounding rock mass [45]. The reaction equation is shown in Equations (8) and (9).

2NaAlSi3O8(feldspar) + 9H2O + 2H+ → Al2Si2O5(OH)4(kaolinite) + 4H4SiO4 (8)

3NaAlSi3O8(feldspar) + K+ + 2H+ + H2O→ KAl3Si3O10(OH)2(illite) + 3Na+ + 6SiO2 + H2O (9)

Pyrite was present in relatively higher amounts in dolostone samples. During the
process of W–D cycles, divalent iron will be oxidized to trivalent iron, which in turn will
form iron hydroxide and finally be decomposed to iron oxide. This reaction could lead to a
decrease in the strength of the rock structure and erosion damage to the surrounding rock
and concrete structures in actual engineering.

The internal structure characteristics of different rocks determine their different weath-
ering resistance. The process of water–rock interaction is influenced by minerals dissolution
and pyrite oxidation subjected to W–D cycles. Meanwhile, the weathering behavior of
dolostone changes the development of rock pores. When there are more joints, fractures
and pores, the contact area between water and rock is greater, which leads to a greater
influence of water–rock interaction on the dolostone [46].

5. Conclusions

In this study, the influence of cyclic wetting–drying weathering on the mechanical
behavior of black sandy dolostone was experimentally investigated. The main specific
conclusions may be drawn as follows:

(1) The water absorption, surface hardness and uniaxial compressive strength of the
rock generally decrease with increasing wetting–drying cycle in the treatment. The
relationships between the deterioration degree (water absorption and uniaxial com-
pressive strength) and the number of W–D cycles were obtained from the laboratory
experiment.

(2) The average pore size of the dolostone increased, while the specific surface area
decreased accordingly after 12 W–D cycles. The results permit water to enter into
the pore and react with the rock sufficiently and cause the strength and structure of
dolostone deterioration from the micro perspective.

(3) It was found that the pH and EC values increased during the cyclic W–D treat-
ment. Combined with the mineral and water chemistry analysis, it contributed to the
feldspar and carbonate minerals dissolution during the water–rock interaction.
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