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This study experimentally investigated the self-healing behavior, referring to the naturally occurring water permeability decrease, of
fractured rocks exposed to water-CO2-rock interaction (WCRI). The experiment was conducted on prefractured specimens of three
rock types typical of the Shendong coalfield: coarse-grained sandrock, fine-grained sandrock, and sandy mudrock. During the
experiment, which ran for nearly 15 months, all three specimens exhibited decreasing permeabilities. The coarse- and fine-
grained sandrock specimens exhibited smooth decreases in permeability, with approximately parallel permeability time curves,
whereas that of the sandy mudrock specimen decreased rapidly during the initial stage and slowly during later stages. The
sandrock specimens were rich in feldspars, which were dissolved and/or corroded and involved in ionic exchange reactions with
CO2 and groundwater, thereby generating secondary minerals (such as kaolinite, quartz, and sericite) or CaSO4 sediments.
These derivative matters adhered to the fracture surface, thereby gradually repairing fractures and decreasing the water
permeability of the fractured rocks. In comparison, the sandy mudrock had a high content of clay minerals, and the water-rock
interaction caused rapid expansions of illite, mixed illite-smectite, and other clay minerals, thereby narrowing the fractures and
causing the rapid permeability decrease during the initial stage. In later stages, the derivative matters generated by the
dissolution and/or corrosion of feldspars and other aluminum silicate minerals in the mudrock filled and sealed the fractures,
causing the slow permeability decreases during the later stages, as in the sandrock specimens. Neutral and basic groundwater
conditions facilitated better self-healing of fractured mudrocks rich in clay minerals, whereas acidic groundwater conditions and
the presence of CO2 facilitated better self-healing of fractured sandrocks. Thus, this study’s results are of significant value to
aquifer restoration efforts in the Shendong coalfield and other ecologically vulnerable mining areas.

1. Introduction

The Shendong coalfield is located in the Maowusu Desert,
West China, which has an arid or semiarid climate, vulnera-
ble ecology and environment, and scarce water resources.
With increasing coal mining in recent years, there is a grow-
ing tension between environmental protection and high-

efficiency coal mining in this area. Therefore, the need to
implement water-conserving mining technologies has
become increasingly urgent [1].

Aquifers have conventionally been conserved by control-
ling the height of water-conducting fracture development
[2–6]. However, this approach limits mining output and
efficiency and is therefore not suitable for the Shendong
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coalfield. Instead, postmining storage and utilization of the
groundwater lost during mining and the ecological restoration
of damaged aquifers are strategies that are considered more
suitable for this coalfield [2]. After many years of research
and practice, Gu [7] developed an underground reservoir
technology for water preservation, in which the underground
goaf is engineered to store and purify groundwater lost during
coal mining for subsequent use. The technology has been
applied in 15 mines in the Shendong coalfield and has effec-
tively alleviated water consumption issues in this mining area
[7–10]. This technology transfers and stores water by draining
groundwater accessed in themining process to a stope for con-
servation. Thus, this technology alters the original groundwa-
ter network and, if water-conducting fractures are connected
with loose surface layers, may even induce the release of
near-surface water. In this situation, manual irrigation is usu-
ally necessary to satisfy the water requirements of ground veg-
etation, and ecological restoration of mining-damaged
aquifers is therefore another water-conservation approach
that is urgently needed for such mining areas.

The root cause of mining-induced groundwater loss lies
in water-conducting fractures, and limiting the water-
conduction capacity of fractures is key to restoring mining-
damaged aquifer ecology [1, 2]. Grouting is presently the
simplest and most effective technology for sealing water-
conducting fractures [11–13]. However, grout injections
cannot effectively seal these fractures in the presence of
strong hydrodynamic erosion, or when the fractures are
sufficiently extensive that they cannot adequately enclose
the grout without undue expense.

Field engineering practice has shown that water-
conducting fractures can exhibit some degree of self-healing.
After a long period of evolution, the water-conduction capac-
ity of the fractures decreases, and the area of the water-
conducting fractured zone diminishes, thereby reducing
groundwater loss and increasing groundwater levels. For
example [1], in the initial mining stage of Panel IV (1-2 coal),
at Bulianta Mine in Shendong coalfield, water-conducting
fractures spread to the bedrock-roof interface, and the water
originally observed in surface hydrological drill holes was
completely lost. However, as the working face continued to
advance, the water level in the drill holes gradually recovered.
Gu and Zhang [14] applied a high-precision four-dimensional
multiattribute seismic prospecting method to identify varia-
tions in the groundwater environment of a fully-mechanized
working face in the Shendong coalfield. They compared the
overlying water content distributions before and after coal
seam mining and found that the rocks in the fractured zone
could recover their initial structures under mining-induced
stress, thereby gradually reducing groundwater loss.

An understanding of the mechanism and effects of this
self-healing behavior would significantly advance the devel-
opment of techniques that limit the water flow through
mining-fractured rocks and restore the aquifer ecosystem.
Studies [15–22] have shown that the self-healing of water-
conducting fractures is enabled by mining-induced stress
and physiochemical interactions among the groundwater,
stope air, and fractured rock. The major mechanisms under-
lying the self-healing behavior include the hydrophilic

expansion of clay minerals to narrow the fracture space, the
filling and sealing of the fracture space by chemical sediments
and secondary minerals resulting from the ionic exchange at
the water-air-rock interface, and the compaction of water-
immersed and softened rocks under the effect of mining-
induced stress. Thus, the mechanisms underlying the self-
healing behavior of water-conducting fractures and the final
remedial effect are closely related to the physiochemical
characteristics of water, air, and rock; the distribution of
mining-induced stress; and the cumulative self-healing time.
Therefore, the influence of each of the relevant factors on the
self-healing behavior of water-conducting fractures must be
investigated.

In the present study, the interaction at the water-air-rock
interface was experimentally investigated with the aim of
elucidating the various self-healing behaviors of fractures
with different lithological properties. The experimental envi-
ronment consisted of specimens prepared from three rocks
typical of the Shendong coalfield (coarse-grained sandrock,
fine-grained sandrock, and sandy mudrock), CO2 (as the
major component of stope air), and a neutral water solution
that simulated groundwater.

2. Experimental Methods

2.1. Rock Sampling and Specimen Preparation. Samples of the
following three rock types, all typical of the Shendong coal-
field, were collected: coarse-grained sandrock, fine-grained
sandrock, and sandy mudrock. The mineral compositions
of the three types were analyzed using X-ray diffraction
(XRD), with the results presented in Table 1. The rocks
mainly consisted of quartz, potassium feldspar, plagioclases
(mainly albite, andesine, and anorthite), and clay minerals
(mainly kaolinite). A standard cylindrical specimen (measur-
ing 5 cm in diameter and 10 cm in height) was prepared from
each of the rock types. To simulate mining-induced fractures,
the rock specimens are artificially destroyed using an MTS
compression testing machine (MTS Systems Corp.) through
uniaxial loading, as depicted in Figure 1.

2.2. Simulation of Groundwater. The groundwater in the
Shendong coalfield is generally neutral or weakly basic [23]
and was therefore simulated using a neutral water solution
(pH = 6:24), which was prepared using a Na2SO4 reagent
and deionized water. Table 2 presents the ionic compositions
of the water solution before and after the experiment.

2.3. Experimental Procedure. Each fractured rock specimen
was placed in a sealed container to simulate the water-CO2-
rock interaction (WCRI), as shown in Figure 2. Prior to
placement in the container, the cylindrical sides of the spec-
imen were evenly coated with silicone rubber to prevent
interactions between the fractures and the external environ-
ment, and an isolation ring was adhered 1–2 cm from the
bottom of the specimen. The specimen-ring assembly was
then placed in the container, with the ring adhered to the
container wall, and the gap between the specimen and con-
tainer wall sealed with resin. After the resin had completely
solidified, the container was filled with the simulated
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groundwater solution, such that the water solution could
only flow from the top to the bottom of the specimen through
its fractures. CO2 was supplied into the container through a
pipe, at a flow rate controlled to 4–6mL/min [22], simulating
the CO2 concentration in typical stopes, and was monitored
using a microgas-flow sensor. The working seams in the
Shendong coalfield are shallow, and the temperature of the
environment surrounding the underground rock masses in
this mining area is essentially similar to normal atmospheric
temperature. Thus, the ambient temperature was set to nor-
mal atmospheric temperature in the experiment.

During the course of the experiment, the absolute perme-
ability of the specimen was tested at 1- to 2-week intervals.
Considering that the permeability of fractured rock speci-
mens is significantly greater than that of intact rock speci-
mens, the permeability test on fractured rock specimens
can be realized by means of self-weight and seepage. Hence,
the aqueous solution was not pressurized by any devices. In
these tests, the drain valve was opened to test the fluid flow,
and two methods were carried out to ensure the measure-
ment accuracy. Method 1: directly determine the time taken
for the liquid level of the aqueous solution above the rock
specimen to drop a certain height (for example, 1 cm; the
external surface of the container was equipped with a gradu-
ated scale). Thereafter, calculate the seepage discharge over
the corresponding period of time, according to the inner
diameter of the container and the reduced height of the liquid
level. Method 2: after the aqueous solution at the lower part
of the rock specimens flowed out (and stored in a beaker or
other containers), measure the amount of aqueous solution

flowing out from the drain valve over a certain fixed period
of time (such as 1min) using a small-range measuring cylin-
der; the values obtained by these two methods can be cor-
rected mutually. In practice, more than three fluid flow
tests were performed, and the values were averaged. The tem-
perature of the water solution was measured to determine the
solution’s viscosity, and then, the water permeability value K
could finally be determined according to Eq. (1), where Q is
the water flow per unit time, A is the inner cross-sectional
area of the container, μ is the solution’s viscosity, L is the
height of the rock specimen, and ΔP is the pressure difference
before and after water flow through the rock specimen. After
each measurement, the discharged water solution was poured
back into the WCRI container. The experiment was run con-
tinuously for nearly 15 months, after which period the spec-
imen was taken out of the container, and the water solution
was discharged from the container.

K = QμL
ΔPA

ð1Þ

2.4. Mineral Composition and Water Chemistry Analysis. To
analyze the influence of long-duration WCRI on the varia-
tions in mineral composition at the fracture surface, the rock
samples were collected and tested before and after the exper-
iment. Prior to the experiment, the testing samples were col-
lected from the scrap material cut when processing the rock
specimens. As the experiments finished and the rock speci-
mens taken out of the container, the specimens were taken
apart along the fracture surface; thereafter, the cutting tool
is used to break down the rock near the fracture surface.
Then, grinding and testing was performed. The microstruc-
tures and morphologies of minerals at the fracture surfaces
of the three prefractured rock specimens were analyzed using
scanning electron microscopy (SEM), and the contents of the
fracture-surface minerals were examined via XRD. Accord-
ingly, the ionic composition of the water solution was also
tested. Finally, the measurements from before and after the
experiment were then compared to investigate the relation-
ship between the water permeability of the specimens and
the variation in the chemical compositions of both the water
solution and the specimens.

Table 1: Mineral compositions of specimen surfaces before and after the experiment (%).

Rock samples
Quartz Potassium feldspar Plagioclase

Clay minerals
Rock character Experimental stage Total content I/S It K C S%

Coarse-grained sandrock
BE 47 26 24 3 — 2 96 2 —

AE 50 23 24 3 — 2 97 1 50

Fine-grained sandrock
BE 54 14 24 8 6 12 73 9 10

AE 57 12 23 8 6 10 78 6 57

Sandy mudrock
BE 39 17 30 14 51 21 16 12 20

AE 44 14 31 11 50 20 20 10 16

Notes: the table lists the relative proportions of the minerals to the total detected content rather than the overall content since someminerals are undetectable. K
means kaolinite, C means chlorite, It means illite, and I/S means mixed illite-smectite layers minerals, and S% is the illite proportion in layers of mixed illite and
smectite; BE means before the experiment, and AE means after the experiment.

Figure 1: Fractured rock specimens (from left to right: coarse-
grained sandrock, fine-grained sandrock, and sandy mudrock).
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3. Results and Discussion

3.1. Variations in the Water Permeability. The nearly 15-
month WCRI experiment generated water permeability data
that showed patterns of variation in the three prefractured
rock specimens. Figure 3 shows the remarkable decreases in
the absolute permeability over time of all three specimens.
The permeability curves of the coarse-grained sandrock spec-
imen and the fine-grained sandrock specimen were similar:
the permeability of the former decreased from 3:27 × 10−11
m2 at the beginning of the experiment to 1:26 × 10−11 m2 at
the end, with an average decrease of 4:5 × 10−14 m2/day,
whereas that of the latter decreased from 2:40 × 10−11 m2 to
6:65 × 10−12 m2, with a slightly lower average decrease of
3:9 × 10−14 m2/day. In contrast, the permeability of the sandy
mudrock specimen decreased in stages. This specimen’s abso-
lute permeability decreased rapidly from 8:48 × 10−11 m2 to
2:93 × 10−11 m2 during the initial 80-day period, with an aver-
age decrease of 6:94 × 10−13 m2/day, and then decreased
slowly to 9:6 × 10−12 m2 during the subsequent 321-day
period, with an average decrease of 6 × 10−14 m2/day. In both
stages, the permeability of the sandy mudrock decreased at
significantly higher rates than those of the coarse- and fine-
grained sandrocks. This difference was closely related to the
different mineral compositions of the three specimens, as
further discussed in Section 3.4.

A similar WCRI experiment can be found in Ref. [22] on
a prefractured sandy mudrock specimen and simulated the
groundwater using both acidic and basic water solutions.

The water permeability curves yielded by that experiment
exhibited a similarly staged decreasing pattern, as shown in
Figure 4. Combining Figures 3 and 4, the staged permeability
decrease can be seen to be more pronounced when the
groundwater was simulated using a basic or neutral water
solution rather than the acidic solution. Furthermore, con-
sidering the results in Ref. [22] in conjunction with those of
the present study, this staged permeability decrease can be
attributed to the sandy mudrock’s content of minerals that
accommodate high degrees of hydrophilic expansion. Com-
paring Figures 3 and 3, the permeability of the mudrock at
the end of the present experiment was much higher (by an
order of magnitude), and the magnitude of the permeability
decrease (defined as the ratio of absolute permeability at the
beginning of experiment to that at the end of experiment)
was significantly smaller, despite the longer duration of the
present experiment (almost twice long). These results may
be explained by the different specimen pretreatments (type
and size of fracturing) or initial permeabilities established
in the two experiments: more developed and larger fractures
would be expected to result in higher initial permeabilities
and smaller WCRI-induced self-healing effects, such that
larger fractures would be more difficult to seal through self-
healing.

3.2. Variations in Mineral Composition at the
Fracture Surface

3.2.1. Variations in the Microstructures of Mineral Crystals at
the Fracture-Surface. During the nearly 15-month WCRI

Table 2: Contents (mg/L) of major ions and pH values of the water solution before and after the experiment.

Experimental stage Na+ SO4
2- HCO3

- Cl- NH4+ K+ Ca2+ Mg2+ PH

Before the experiment Original solution 769.4 1434.8 10.3 5.6 — 0.1 0.1 — 6.24

After the experiment

Experiment with coarse-grained sandrock 1007.4 2543.7 443.55 37.2 16.7 13.1 329.3 40.2 7.42

Experiment with fine-grained sandrock 1071.5 2129.6 626.1 86.9 8.6 12.6 172.7 35.3 7.68

Experiment with sandy mudrock 858.4 1367.7 817.8 34.6 2.5 11.8 119.7 232.6 7.33

Air tube Micro-gas-flow sensor Pressure reducing valve

CO2

Valve
Cover

Simulated groundwater solution
Flow monitor

Throttle valve

Resin
Fracture rock sample
Isolation ring

Screen strainer

Drain valve

Measuring cylinder

Gas cylinder

Gas outlet

(a)

CO2 cylinder

(b)

Figure 2: Set-up for the water-CO2-rock interaction (WCRI) experiment. (a) Illustration. (b) Photo.
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experiment, all of the specimens exhibited significant
changes in these characteristics, including phenomena, such
as the dissolution and/or corrosion of primary minerals and
the generation of secondary minerals.

Figure 5 depicts the microstructures and morphologies of
minerals at the fracture surface of the coarse-grained san-
drock before and after the experiment. The feldspars (potas-
sium feldspar and plagioclases), which constituted a big
proportion of the rocks, showed particularly significant
dissolution and/or corrosion. For example, before the exper-
iment, potassium feldspar crystals (marked by rectangles in
the SEM images and identified from the O, K, Si, and Al
found via energy dispersion spectrum (EDS) analysis) exhib-
ited regular prism shapes, with smooth surfaces and sharp
edges and angles (Figure 5(a)), whereas they exhibited clear

corrosion-induced holes at the surface after the experiment
(Figure 5(b)). Albite crystals exhibited similar changes
(Figures 5(c) and 5(d)), with the crystal surfaces markedly
coarsened and fragmented after the experiment. In contrast,
clay minerals, which constituted a small proportion of
the rocks, did not undergo significant dissolution and/or
corrosion.

In addition, secondary minerals were observed to adhere
to the primary minerals at the fracture surface, as shown in
Figure 6. On the surfaces of regular-polyhedron-shaped
quartz crystals were many fragmented, flake-shaped
minerals; EDS analysis showed that these secondary crystals
consisted of three elements (O, Si, and Al), and the crystals
were thus identified as kaolinite. The microstructure and
morphology of the secondary kaolinite were different from
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Element

10 𝜇m EHT = 10.00 kV
Mag = 1.73 K X
Signal A = NTS BSD

Time : 9 :06 :02 XZjkDate : 11 Jul 2019
WD = 8.3 mm

Wt% At%

O K 53.62 67.52

Al K 8.69 6.49

Si K 27.54 19.75

K K 9.67 6.07

Fe K 0.48 0.17

(a)

Dissolution hole

Element

2 𝜇m EHT = 18.00 kV
Mag = 4.00 K X
Signal A = NTS BSD

Time : 23 :58:51 XZjk
Date : 16 Jul 2019

WD = 8.9 mm

Wt% At%

O K 55.67 67.91

Al K 8.55 6.19

Si K 27.23 18.92

K K 8.00 6.79

Fe K 0.55 0.19

(b)

20 𝜇m EHT = 18.00 kV
Mag = 915 X
Signal A = NTS BSD

Time : 20 :57:54 XZjk
Date : 15 Jul 2019

WD = 9.0 mm

Element Wt% At%

O K 35.93 48.79

Na K 7.44 7.04

Al K 11.91 9.58

Si K 44.73 34.59

(c)

Element

20 𝜇m EHT = 18.00 kV
Mag = 585 X
Signal A = NTS BSD

Time : 20 :46:13 XZjk
Date : 16 Jul 2019

WD = 9.0 mm

Wt% At%

O K 56.31 68.61

Na K 6.84 5.80

Al K 9.03 6.53

Si K 26.62 18.48

Ca K 1.22 0.59

(d)

Figure 5: Micromorphologies of feldspar crystals at the fracture surface in the coarse-grained sandrock specimen before and after the
experiment. (a) Potassium feldspar crystals (before the experiment). (b) Corroded potassium feldspar crystals (after the experiment). (c)
Albite crystals (before the experiment). (d) Corroded albite crystals (after the experiment). Note: to confirm the mineral composition in
the areas marked by the rectangles, an energy dispersion spectrum (EDS) analysis was performed, and the results are presented in the
tables below the SEM images (the same below). In the tables, Wt% means weight percentage, At% means Atomic percentage, and the
same below.
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those of the primary kaolinite, which occurred in regular
schistose arrangements (Figure 6(b)), and were thus consid-
ered to have been generated by the WCRI.

Although the fine-grained sandrock and sandy mudrock
specimens exhibited similar phenomena at the fracture sur-
faces, the surfaces were different in terms of the types of min-
erals dissolved and/or corroded and the types of secondary
minerals generated. As shown in Figure 7, in the fine-
grained sandrock, the albite at the fracture surface also exhib-
ited significant dissolution/corrosion, with secondary kaolin-
ite formed on its surface, although other secondary minerals
or sediments were also observed. As shown in Figure 7(d),
cluster-shaped crystals were observed on the surfaces of
primary minerals at the fracture, and these were confirmed
to be CaSO4 crystals (gypsum) based on the EDS analysis.
Gypsum was not detected in the mineral composition test
before the experiment (Table 1); therefore, the gypsum
crystals were formed during the experiment. Based on the
EDS analysis performed on the area containing gypsum crys-
tals (Figure 7(f)), the cluster-shaped crystals also consisted of
Si, Al, K, and Fe, in addition to the elements attributed to
gypsum. According to the atomic ratios of these elements,
potassium feldspar or plagioclases or both were mixed with
the secondary gypsum crystals that fused into or developed
on the surface of the primary feldspars.

Significant dissolution and/or corrosion of clay minerals
were also observed at the fracture surface of the sandy
mudrock specimen, in addition to the dissolution and/or
corrosion of feldspars and the formation of secondary kao-
linite that were also observed in the other two specimens
(Figure 8). Although primary clay minerals such as illite

and chlorite typically occurred as flakes before the experiment,
these minerals were all fragmented after the experiment, as
shown in Figure 9, indicating significant involvement of clay
minerals in the WCRI. Comparing the experimental results
for the three different rock types, the coarse- and fine-
grained sandrocks exhibited considerably less dissolution/-
corrosion of minerals at the fracture surface than the sandy
mudrock specimen. This difference appeared to be related
to the different mineral compositions of the three rock spec-
imens, as discussed in further detail in Section 3.4.

3.2.2. Variations in Fracture-Surface Mineral Contents. Vari-
ations in fracture-surface mineral composition, presented in
Table 1, were consistent with the microstructure variations
described above. The mineral contents of the three rock spec-
imens before and after the experiment were computed, and
the results are shown in Table 3. Quartz was calculated from
the potassium feldspar, and plagioclases were calculated from
the clay mineral ratio, with the quartz content used as the
base owing to its relatively stable chemical properties. For
all three rock specimens, the contents of both the feldspars
(including potassium feldspar and plagioclases) and the clay
minerals decreased after the experiment. In particular, the
coarse- and fine-grained sandrocks experienced a large
decrease in the feldspar content but a small decrease in the
clay mineral content, whereas the sandy mudrock specimen
exhibited the opposite pattern. These results were consistent
with the SEM results above. In addition, for all three rock
specimens, the decrease in the content of fracture-surface
potassium feldspar was significantly larger than that of the
plagioclases, as shown in Table 3.

Box No.1: primary
quartz crystals

Box No.2:
secondary kaolinite

10 𝜇m EHT = 18.00 kV
Mag = 1.66 K X
Signal A = NTS BSD

Time : 21:24:57 XZjk
Date : 15 Jul 2019

WD = 7.8 mm

(a)

2 𝜇m EHT = 18.00 kV
Mag = 6.41 K X
Signal A = NTS BSD

Time : 21 :08:38 XZjk
Date : 15 Jul 2019

WD = 8.9 mm

(b)

Element Wt% At%
O K 29.87 42.78
Si K 70.13 57.22

(c)

Element Wt% At%
O K 47.46 61.08
Al K 13.65 10.43
Si K 38.88 28.51

(d)

Element Wt% At%
O K 48.40 61.78

Al K 23.70 17.94

Si K 27.89 20.28

(e)

Figure 6: Secondary minerals adhering to the primary minerals at the fracture surface in the coarse-grained sandrock specimen. (a)
Secondary kaolinite adhering to the quartz crystals after the experiment. (b) Primary kaolinite. (c) EDS analysis in the No. 1 box of
Figure 6(a). (d) EDS analysis in the No. 2 box of Figure 6(a). (e) EDS analysis in the box of Figure 6(b).
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Combining the SEM and XRD results, the changes in the
contents of fracture-surface minerals were attributed mainly
to the dissolution and/or corrosion at the water-CO2-rock

interface. The differences between the measurements of the
various specimens after the experiment were considered to
result from their different mineral compositions.

Element Wt% At%
O K 55.60 67.67
Na K 8.42 7.14
Al K 8.61 6.21
Si K 27.38 18.99

20 𝜇m EHT = 18.00 kV
Mag = 581 X
Signal A = NTS BSD

Time : 23 :28:28 XZjk
Date : 16 Jul 2019

WD = 8.7 mm

(a)

Element Wt% At%
O K 61.55 72.76
Na K 7.52 6.19
Al K 7.96 5.58
Si K 22.98 15.48

10 𝜇m EHT = 10.00 kV
Mag = 735 X
Signal A = NTS BSD

Time : 14 :41:46 XZjk
Date : 10 Jul 2019

WD = 8.6 mm

(b)

Element Wt% At%
O K 59.86 71.99
Al K 18.62 13.28
Si K 21.52 14.73

2 𝜇m EHT = 10.00 kV
Mag = 2.33 K X
Signal A = NTS BSD

Time : 14 :42:22 XZjkDate : 10 Jul 2019
WD = 8.6 mm

(c)

10 𝜇m EHT = 18.00 kV
Mag = 1.58 K X
Signal A = NTS BSD

Time : 23:54:32 XZjk
Date : 16 Jul 2019

WD = 8.7 mm

Box No. 1 

Box No. 2 

(d)

Element Wt% At%
O K 45.30 65.17

S K 23.74 17.04

Ca K 30.96 17.79

(e)

Element Wt% At%
O K 50.25 68.79
Al K 1.91 1.55
Si K 5.17 4.03
S K 18.41 12.34

K K 1.77 0.99
Ca K 22.49 12.28

(f)

Figure 7: Microstructures of fracture-surface feldspars in the fine-grained sandrock specimen before and after the experiment and secondary
sediments formed on the feldspar surfaces. (a) Albite crystals (before the experiment). (b) Corroded albite crystals (after the experiment). (c)
Local zoom of the ellipse marking area in (b). (d) Secondary CaSO4 crystals on the fracture surface. (e) EDS analysis in the No. 1 box of (d). (f)
EDS analysis in the No. 2 box of (d).

8 Geofluids



3.3. Changes in the Chemical Composition of the Water
Solution. Table 2 shows the ionic compositions of the water
solution before and after the experiment for all three speci-
mens. The concentrations of metal cations such as Na+, K+,
Ca2+, and Mg2+ increased considerably after the experiment,
with the concentrations of Na+ and Ca2+ increasing by large
magnitudes; anions such as SO4

2-, HCO3
-, and Cl- also

increased by large magnitudes. In addition, the pH value of
the water solution increased slightly, although it remained
neutral. The three specimens exhibited considerable differ-
ences in terms of the magnitude of the increase in the concen-
tration of cations and anions. The coarse- and fine-grained
sandrocks exhibited markedly higher increases in the concen-
trations of Na+ and SO4

2- and significantly lower increases in
the concentration of Mg2+ than the sandy mudrock specimen.
The coarse-grained sandrock specimen showed a significantly
lower increase in the concentration of HCO3

- and a higher
increase in the concentration of Ca2+ than the fine-grained
sandrock and sandy mudrock specimens. The fine-grained
sandrock specimen showed a higher increase in the concen-
tration of Cl- than the other two specimens. The different
ionic concentrations were attributed to the different mineral
compositions of the three rock specimens.

Based on the original mineral compositions of the three
rock specimens presented in Table 1, the increase in the con-
centrations of metal cations such as Na+, K+, Ca2+, and Mg2+

was mainly caused by the dissolution and/or corrosion of
feldspars and clay minerals. In particular, the new Na+ and
Ca2+ cations mainly came from albite, anorthite, and a mixed
illite-smectite layer; the new K+ cations mainly came from
potassium feldspar, the mixed illite-smectite layer, and illite;

and the new Mg2+ cations mainly came from the mixed
illite-smectite layer, illite, and chlorite. The sandy mudrock
specimen showed the largest increase in the concentration
of Mg2+ cations because that specimen had a markedly
higher content of the mixed illite-smectite layer, illite, and
chlorite (all clay minerals), compared with the other two
specimens. The different increases in the concentrations of
Na+ and Ca2+ cations may have resulted from the different
contents of albite and anorthite (both plagioclases) in the
three specimens. In other words, the specimens of coarse-
and fine-grained sandrocks showed larger increases in the
concentrations of Na+ and Ca2+ because of the higher con-
tents of albite and anorthite in those two specimens. That
the concentrations of SO4

2- and Cl- increased after the exper-
iment may be explained by the fermentation or dissolution of
some organic matters in the rock specimens.

3.4. Discussion. In the similar WCRI experiment in Ref. [22],
prefractured sandy mudrock specimens were used, and
groundwater was simulated using both acidic and basic water
solutions. In the present experiment, two additional rock
types (coarse- and fine-grained sandrocks) were simulated,
and groundwater was simulated using a neutral water solu-
tion. In both experiments, the water permeability of the spec-
imens decreased gradually. This indicates that the self-
healing behavior was experimentally confirmed as occurring
under different geological conditions.

3.4.1. Mechanism of Permeability Decrease. The sandy
mudrock specimen exhibited staged decreases in water per-
meability in both the present experiment and in Ref. [22].

Dissolution hole

10 𝜇m EHT = 18.00 kV
Mag = 1.53 K X
Signal A = NTS BSD

Time : 23 :06:06 XZjk
Date : 17 Jul 2019

WD = 9.7 mm

(a)

Box No. 2: 
secondary kaolinite

Box No. 1: primary
potassium feldspar

1 𝜇m EHT = 18.00 kV
Mag = 9.70 K X
Signal A = NTS BSD

Time : 23 :03:37 XZjkDate : 17 Jul 2019
WD = 9.7 mm

(b)

Element Wt% At%
O K 41.38 57.81
Al K 8.98 7.43
Si K 31.50 25.07
K K 14.17 8.10
Fe K 3.96 1.59

(c)

Element Wt% At%
O K 41.38 57.81
Al K 8.98 7.43
Si K 31.50 25.07
K K 14.17 8.10
Fe K 3.96 1.59

(d)

Element Wt% At%
O K 61.91 73.98
Al K 16.89 11.96
Si K 19.94 13.58
K K 0.39 0.20
Fe K 0.88 0.30

(e)

Figure 8: Dissolution/corrosion of fracture-surface primary minerals in sandy mudrock and secondary minerals formed on the surface of the
primary minerals as observed through SEM. (a) Corroded potassium feldspar crystals (dissolution hole on the crystal surface). (b) Secondary
kaolinite on the surface of primary potassium feldspar. (c) EDS analysis in the box of (a). (d) EDS analysis in the No. 1 box of (b). (e) EDS
analysis in the No. 2 box of (b).
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In particular, water permeability decreased rapidly during
the initial stage and slowly during later stages; although in
the present experiment, the initial rapidly decreasing stage

was longer, and the magnitude of decrease was smaller than
in the previous experiment. In the experiment in Ref. [22],
the water permeability of the sandy mudrock decreased

2 𝜇m EHT = 18.00 kV
Mag = 6.28 K X
Signal A = NTS BSD

Time : 22 :41:10 XZjk
Date : 17 Jul 2019

WD = 8.4 mm

Element Wt% At%

O K 49.58 68.42

Mg K 2.01 1.82

Al K 11.30 9.25

Si K 14.58 11.46

K K 0.86 0.48

Fe K 21.65 8.56

(a)

1 𝜇m EHT = 18.00 kV
Mag = 8.77 K X
Signal A = NTS BSD

Time : 22 :53:00 XZjk
Date : 17 Jul 2019

WD = 9.8 mm

Element Wt% At%

O K 44.73 61.91

Mg K 2.86 2.61

Al K 13.71 11.24

Si K 21.34 16.82

K K 3.28 1.86

Fe K 14.10 5.60

(b)

2 𝜇m EHT = 18.00 kV
Mag = 5.85 K X
Signal A = NTS BSD

Time : 23 :13:19 XZjk
Date : 17 Jul 2019

WD = 9.5 mm

Element Wt% At%

O K 55.01 69.35

Mg K 0.87 0.73

Al K 11.78 8.81

Si K 24.77 17.79

K K 3.81 1.97

Fe K 3.75 1.35

(c)

Figure 9: Microstructures of fracture-surface primary clay minerals in sandy mudrock before and after the experiment. (a) Primary chlorite
mineral crystals (before the experiment). (b) Corroded chlorite crystals (after the experiment). (c) Corroded illite crystals (after the
experiment).
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rapidly during an initial 47-day period from 4:32 × 10−12 m2

to 1:85 × 10−13 m2 (by 23 times) in a basic water solution; in
the acidic water solution, the initial period of 120 d exhibited
a decrease from 1:06 × 10−11 m2 to 8:71 × 10−13 m2 (by 12
times). In the present study, the water permeability decreased
rapidly during the initial 80-day period from 8:48 × 10−11 m2

to 2:92 × 10−11 m2 (by three times). The permeability
decrease during the initial stage was mainly caused by
the hydrophilic expansion of clay minerals [22]. Thus,
the different water permeability decreases exhibited by
the two experiments can be mainly explained by the lower
total content of minerals, particularly the lower content of
the mixed illite-smectite layer (which is more expansive in
water), of the sandy mudrock specimen used in the pres-
ent experiment.

The present experiment demonstrated that in addition to
the hydrophilic expansion of clay minerals, the dissolution
and/or corrosion of feldspars and other aluminum silicate
minerals, which resulted in the formation of secondary min-

erals or crystalline sediments that filled and sealed the frac-
tures, also contributed to the self-healing behavior of the
three prefractured rock specimens. The presence of CO2
made the feldspars and other primary aluminum silicate
minerals more prone to dissolution and/or corrosion [24], a
process resulting in the formation of secondary minerals
through the chemical reactions represented in Eqs. (2)–(5).
Furthermore, SO4

2- in the Na2SO4 used to simulate ground-
water and Ca2+ resulting from the dissolution and/or corro-
sion of anorthite can easily form sediments through a
chemical reaction represented in Eq. (6). Thus, secondary
kaolinite, quartz, and crystalline gypsum sediments formed
through the chemical reactions induced by WCRI gradually
adhered on the fracture surface of the pre-fractured rock
samples, thereby sealing the fractures and decreasing their
water permeability and contributing to the self-healing effect.
These mechanisms can also explain the adherence of the sec-
ondary minerals adhering on minerals at the fracture sur-
faces, as observed through SEM (Section 3.2).

Due to the limitations of the experimental conditions, the
WRIs were not tested under the action of loading. However,
this does not affect the validity of the preceding analysis of
the self-healing mechanism [21]. The experimental results
further demonstrate the self-healing process. This is because,
under the dissolution and/or corrosion of minerals on the

fracture surface, the fracture aperture should gradually
increase, and the permeability of fractured rock specimens
should gradually increase as well; however, the final experi-
mental results are contrary to this; the permeability of the
rock specimens always exhibits a stable reducing trend. This
indicates that self-healing reversed the adverse situation

Table 3: Fracture-surface mineral compositions of the three rock specimens before and after the experiment.

Rock samples

Before the experiment After the experiment

Quartz : potassium
feldspar : plagioclase : clay minerals

Potassium
feldspar : plagioclase

Quartz : potassium
feldspar : plagioclase : clay

minerals

Potassium
feldspar : plagioclase

Coarse-grained
sandrock

1 : 0.55 : 0.51 : 0.06 1 : 0.92 1 : 0.46 : 0.48 : 0.06 1 : 1.04

Fine-grained
sandrock

1 : 0.26 : 0.44 : 0.15 1 : 1.71 1 : 0.21 : 0.40 : 0.14 1 : 1.92

Sandy mudrock 1 : 0.44 : 0.77 : 0.26 1 : 1.76 1 : 0.32 : 0.70 : 0.25 1 : 2.21

Primary aluminum silicateminerals + H2O + CO2 ↔ Clayminerals + Colloids + Carbonate + H+orOH− ð2Þ
2K AlSi3O8½ �

Potassium feldspar
+ 2H+ + H2O↔

Al2 Si2O5½ � OH½ �4
Kaolinite

+
4SiO2

Colloids
+ 2K+ ð3Þ

2Na AlSi3O8½ �
Albite

+ 2H+ + H2O↔
Al2 Si2O5½ � OH½ �4

Kaolinite
+

4SiO2

Colloids
+ 2Na+ ð4Þ

Ca Al2Si2O8½ �
Anorthite

+ 2H+ + H2O↔
Al2 Si2O5½ � OH½ �4

Kaolinite
+ Ca2+ ð5Þ

Ca2+ + SO4
2− ↔ CaSO4↓ ð6Þ

Na AlSi3O8½ � − Ca Al2Si2O8½ �
Andesine

+ 2H+ + K+ ↔
KAl2 AlSi3O10½ � OH½ �2

Sericite
+ 2SiO2 + Na+ + Ca2+ ð7Þ
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caused by the dissolution and/or corrosion of minerals on the
fracture surface.

3.4.2. Interfering Factors of the Self-Healing. The coarse- and
fine-grained sandrock specimens did not exhibit the rapid
permeability decrease during the initial stage found in the
mudrock; although, the sandrocks did exhibit temporary
rapid permeability decreases during the middle stage of the
experiment. This difference can be explained by the san-
drocks’ lower content of the mixed illite-smectite layer and
other clay minerals that exhibit greater hydrophilic expan-
sion. The permeability decrease of these two specimens was
caused by only the dissolution and/or corrosion of feldspars
and other aluminum silicate minerals, as detailed in the pre-
vious paragraph. Compared with the hydrophilic expansion
mechanism, this sedimentation mechanism requires a longer
time to manifest and is less effective at sealing fractures.

Compared with the prefractured rock specimens used in
Ref. [22], the specimens used in the present experiment had
higher initial permeabilities, and the final magnitudes of the
permeability decreases were smaller, even though the speci-
mens were subjected to longer WCRIs in the present experi-
ment. This difference was related to the fracture development
morphology of the specimens and the pH value of the water
solutions used. In particular, the fractures developed in the
specimens in Ref. [22] were significantly less open than those
used in the present experiment, and therefore, the specimens
in Ref. [22] required less hydrophilic expansion of the clay
minerals and smaller amounts of secondary minerals or sed-
iments to fill and seal the fractures, enabling greater self-
healing capacity in a shorter period of time. Had the present
experiment been continued, the water permeability of the
prefractured specimens may have continued to decrease,
although probably at lower rates, because the content of the
relevant components of the water solution and the amount
of fracture-surface minerals would decrease gradually.

From the fracture-surface mineral compositions before
and after the experiment (Table 3), the loss of potassium feld-
spar was markedly higher than that of plagioclases in all three
specimens. However, from the ionic compositions of the
water solution before and after the experiment (Table 2),
the concentration of K+ increased by the smallest magnitude.
The reason for this result may have been that the precipitated
K+ was involved in the reaction represented in Eq. (7). More
specifically, the dissolution and/or corrosion of potassium
feldspar as represented in Eq. (3) would have generated K+,
which would then react with andesine (a type of plagioclase)
and H+ (generated by the CO2 input into the container) to
form sericite. In other words, the precipitated K+ may have
become fixed in newly generated secondary minerals and
replaced Na+ and Ca2+, resulting in the markedly lower
increase in the concentration of K+ than in the concentra-
tions of Na+ and Ca2+.

Although prefractured rock specimens with different
lithological properties were capable of seal-healing in water
solutions with various chemical properties under the influ-
ence of the WCRI, different secondary minerals or crystalline
sediments were involved in the self-healing processes. These
secondary matters had different roles in the sedimentation

and sealing mechanism occurring at the fracture surface,
resulting in different self-healing capacities under the various
conditions. Thus, investigating the self-healing mechanisms
or patterns exhibited under different physiochemical condi-
tions in the water, air, and rock is critical to assessing the
self-healing capacity of fractured rocks. The present WCRI
experiment was limited in that only three rock types, all
typical of the Shendong coalfield, were tested, and in that
the groundwater was simulated using only a neutral water
solution. Further investigation into the above problems will
be conducted by changing the relevant experimental condi-
tions, with the aim of providing insight into the mechanisms
underlying the self-healing behavior of fractured rocks.

4. Conclusions

(1) A WCRI experiment on prefractured specimens of
three rocks (coarse-grained sandrock, fine-grained
sandrock, and sandy mudrock) typical of the Shen-
dong coalfield was run for nearly 15 months, simulat-
ing groundwater with a neutral water solution. The
water permeability of the specimens decreased grad-
ually during the experiment, and this behavior was
consistent with the field observations of self-healing
of mining-damaged fractures, confirming that the
phenomenon is common under different geological
conditions

(2) XRD and SEM analyses elucidated the mechanism
underlying the self-healing behavior of the prefrac-
tured rock specimens. In particular, the self-healing
of the specimens was enabled mainly by the following
two mechanisms: (1) the hydrophilic expansion of
fracture-surface clay minerals to narrow fractures;
and (2) the dissolution and/or corrosion of feldspars
and other primary aluminum silicate minerals and
the consequent ionic exchange between the primary
minerals, CO2, and water solution to generate sec-
ondary minerals or crystalline sediments that filled
and sealed the fractures

(3) The fracture development morphology of the
specimens and the pH value of the water solution
had significant effects on the process and degree of
self-healing. A smaller fracture or a fracture with a
smaller initial permeability requires less hydrophilic
expansion of clay minerals and a smaller amount of
secondary minerals or sediments to enable the repair.
Neutral and basic groundwater conditions facilitated
better self-healing of fractured mudrocks rich in clay
minerals, whereas acidic groundwater conditions and
the presence of CO2 facilitated better self-healing of
fractured sandrocks rich in feldspars

(4) Whereas theWCRI can significantly reduce the water
permeability of a fractured rock, the absolute value of
its reduced water permeability remains relatively
high and has yet to reach the order of magnitude of
the permeability of aquicludes. This may be related
to the relatively low amount of precipitates or
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secondary minerals formed in relevant interactions
and processes. Therefore, it remains difficult to rely
solely on the self-healing behavior of fractured rocks
to impart absolute impermeability to them. Based on
the self-healing characteristics of different rocks in
groundwaters with different chemical properties,
groundwater and rocks can be engineered to alter
their chemical properties and thereby facilitate rock
fracture remediation and improve aquifer restora-
tion. To decrease the permeability of fractured rocks
and preserve groundwater resources, underground
chemical conditions can be engineered to facilitate
the formation of secondary minerals or sediments,
and these derivatives can be expected to fill and seal
fractures. Owing to character limitations, this paper
is not intended as a thorough discussion. Other sepa-
rate papers will be prepared for a more in-depth
investigation

Symbols

K: Water permeability
Q: Water flow per unit time
A: Inner cross-sectional area of the container
L: Height of the rock specimen
μ: Solution’s viscosity
ΔP: Pressure difference before and after water flow through

the rock specimen.
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