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To research the properties of cemented coal gangue-ﬂy ash backﬁll (CGFB) exposed to diﬀerent concentrations of sodium sulfate
solutions under drying-wetting cycles, the mass changes, uniaxial compressive strengths, sulfate ion contents at diﬀerent depths,
and microstructures of CGFB samples were measured in this study. The results show that the CGFB samples were damaged by salt
crystallization in the dry state and attacked by the expansive products in the wet state. The sulfate ion contents in CGFB samples
increased with the sulfate concentrations and drying-wetting cycles and decreased from the surface to the inside of the samples.
The damage process of CGFB samples evolved from the surface to the inside. In the early stage of corrosion, sulfate ions adsorbed
to the surface of CGFB samples and consumed nonhydrated particles to form acicular ettringite and other products that ﬁlled the
material pores. For this stage, the driving force of sulfate ions to enter into the CGFB samples was the highest for the samples
immersed in 15% sodium sulfate solution, and the masses and strengths increased the fastest. As the drying-wetting cycles
continued, the nonhydrated particles inside the samples were nearly completely hydrated, and the samples were constantly
damaged by salt crystallization and dissolution. The corrosion ions entered into the samples and consumed portlandite to produce
a large amount of prismatic ettringite and aggravated the internal corrosion of CGFB samples. At the ﬁfteenth drying-wetting
cycle, the higher the salt concentration of the immersion solution was, the faster the masses and the strengths of CGFB samples
decreased. Moreover, the surface spalling and failure of CGFB samples were more severe.

1. Introduction
Coal takes the dominant position in China’s energy market
and energy consumption structure [1]. While consuming
coal resources, it also faces a series of problems, such as solid
waste pollution, surface subsidence, and slope failures
caused by mining activities [2]. Paste ﬁlling is an ideal
approach to control surface subsidence and protect the
mining environment. The technique uses coal gangue, ﬂy
ash, and other solid wastes near coal mines as the main raw
materials to process paste slurry, which is then transported
to the goaf through a pipeline [3–5]. The properties of
cemented coal gangue-ﬂy ash backﬁll (CGFB) are the basis of
paste ﬁlling to determine the eﬀect of controlling ground
subsidence. However, the level of underground water in coal

mines varies with rainfall, seasons, reservoir storage and
drainage, etc., and the environment of the goaf would be
either dry or wet. In addition, mine water often contains
sulfates and other salts [6, 7]. The CGFB would suﬀer from
the eﬀect of drying-wetting cycles of mine water, which in
turn would inﬂuence the safety and stability of the goaf.
Therefore, it is of great signiﬁcance to study the performance
of CGFB exposed to sulfate attack under the condition of
drying-wetting cycles.
In recent years, many studies have shown the deterioration regularity of cement-based materials immersed in
sulfate solutions. Liu et al. [8–10] studied the inﬂuence of
high sulfate solutions on the properties of cement-based
materials and found that the strengths of the materials
improved in the early stage of immersion and decreased with
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immersion ages. Sun et al. [11] found that the creep deformation of ﬁlling paste would be intensiﬁed as the corrosion continued. Fall and Pokharel [12, 13] studied the
coupled eﬀect of sulfate and temperature on cement-paste
backﬁll and found that this eﬀect decreased or increased the
hydraulic conductivity of cement-paste backﬁll. Yu et al.
[14, 15] found that ettringite expansion was the root of paste
deterioration when sulfate ions in pore solutions reached the
critical value. Yao et al. [16] found that the presence of
chloride in the composite solution led to acicular ettringite
as the main corrosion product. When the cement-based
materials were partially immersed in sulfate solutions, the
sulfate ions would enter the materials through capillary
adsorption, resulting in salt concentration solutions in the
pores [17, 18]. The material above the liquid level suﬀered
physical erosion and the material below the liquid level could
be damaged by chemical erosion [19–21].
Compared with the single damage of sulfate attack, the
damage process of cement-based materials could be
accelerated under sulfate attack of drying-wetting cycles
[22]. In such a case, the concrete was aﬀected by chemical
erosion in the wet state [23, 24] and by physical erosion in
the dry state [25–28]. Yuan et al. [29, 30] studied the failure
process and microcosmic variation of concrete under sulfate
attack of drying-wetting cycles by X-ray CT. Jiang and Niu
[31] studied the eﬀect of diﬀerent types of sulfate solutions
under drying-wetting cycles on concrete and found that the
deterioration degree of concrete in a magnesium sulfate
solution was more severe than in other sulfate solutions.
Chen et al. [32, 33] studied the combined attack of chloride
and sodium sulfate under drying-wetting cycles on concrete
and found that the higher sulfate contents in combined
solutions retarded the damage of concrete.
The above-mentioned researches are of great signiﬁcance
in understanding the deterioration regularity of CGFB exposed to the cyclic sulfate environment. Compared with
other cement-based materials, the compositions and contents of CGFB are quite diﬀerent, which may be more easily
aﬀected by this eﬀect. However, there were few investigations on the deterioration regularity of CGFB under sulfate
attack of drying-wetting cycles. Therefore, the mass changes,
uniaxial compressive strengths, sulfate ion contents at different depths, and microstructures of CGFB under this eﬀect
were studied in this paper. In addition, the damage process
of CGFB under sulfate attack of drying-wetting cycles was
analyzed.

2. Materials and Methods
2.1. Raw Materials. In this investigation, four components
were used for CGFB sample preparation: cement, ﬂy ash,
coal gangue, and water. The cement was the 42.5 slag
Portland cement (Second Cement Plant, Yishui, Shandong
Province), and the grade II ﬂy ash was selected with a lightgray color (Huangdao Power Plant, Qingdao, Shandong
Province). The coal gangue came from the solid waste
produced in Daizhuang Coal Mine (Zibo Mining Group,
Shandong Province) and was carried by secondary crushing.
Most of the gangue was between 0.1 and 13.2 mm, and only a
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few of them reach 20–25 mm. Laboratory tap water was
selected for experiments. The sodium sulfate anhydrous used
for the soaking solutions was of analytical purity (Chengdu
Kelong Chemical Reagent Factory) with a sodium sulfate
content of ≥99%. The major chemical compositions of the
cement, ﬂy ash, and gangue are shown in Figure 1.
2.2. Sample Preparation. Previous investigations have indicated that a ratio of cement to ﬂy ash to gangue of 1 : 4 : 6
and solid mass fraction of 74% yields CGFB with the best
performance [34, 35]. Therefore, the CGFB samples were
prepared with this ratio. First, the materials were mixed in a
cement-paste mixer (NJ-160, Yixuan Test Instrument
Company, China) for approximately 8 min. Subsequently,
the well-stirred mixture was poured into a mold with a
length × width × height � 70 mm × 70 mm × 70 mm
[36].
Manual vibration was used to prevent bubbles in the
samples. Finally, the samples were removed from the mold
after 24 h and cured for 28 d in a curing box at 25°C and
humidity of 80%. The CGFB samples were trimmed with a
stone-grinding machine, and the sides were mechanically
sanded with ﬁne emery paper before testing [37].
The drying-wetting cycle procedure is shown in Figure 2.
The CGFB samples were dried in a heating and drying oven
at 60°C for 6 h [25, 38] and then cooled at 25°C for 3 h; this
was considered the 0th drying-wetting cycle. Subsequently,
the CGFB samples were immersed in sodium sulfate solutions with diﬀerent concentrations (0%, 5%, 10%, and 15%).
After the samples were saturated for 36 h, they were removed
and cooled at 25°C for 3 h. Finally, after drying at 60°C for
6 h, the samples were again cooled at 25°C for another 3 h.
The process from immersion to drying and cooling was
regarded as a single wetting-drying cycle. In this experiment,
there were 15 cycles performed in total. During the soaking
process, the container was sealed by a preservative ﬁlm, and
the solutions were refreshed every 3 cycles.
2.3. Testing Methods
2.3.1. Mass Change. The mass changes of CGFB samples at
diﬀerent corrosion ages were monitored as an important
indicator of deterioration. The masses of the samples before
(Mi) and after (Mt) immersion in sodium sulfate solutions
with diﬀerent concentrations were measured every 3 cycles
on an electronic scale with a capacity of 500 g and an accuracy of 0.01 g. Consequently, the mass change (Mct) was
calculated as follows:
Mct �

Mi − Mt
× 100%.
Mi

(1)

2.3.2. Uniaxial Compressive Strength. Uniaxial compressive
strength (UCS) was considered as one of the most important
parameters for evaluating the mechanical characteristics of
the sample [39, 40]. In this study, an electronic (AG-X250,
Shimadzu, Japan) universal testing machine was selected as
the loading system [41]. A displacement loading method was
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Figure 1: Chemical compositions of raw materials: (a) cement, (b) ﬂy ash, and (c) coal gangue.
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Figure 2: Schematic illustration of the cyclic drying-wetting treatment.

adopted in these tests at a loading rate of 0.01 mm/s. The
residual strength ratio (R) of the CGFB sample was calculated as follows [38]:
R�

fAttack
,
f0

tested by chemical titration according to the Chinese National Standard GB/T176-2017 [42, 43]. The sulfate ion
contents (WSO−2
) in CGFB samples were calculated as fol4
lows [38]:

(2)

where f 0 was the average UCS of CGFB samples at the
standard curing age (28 d), which was 2.03 MPa; f Attack were
the UCSs of CGFB samples under sulfate attack of dryingwetting cycles.
2.3.3. Sulfate Ion Contents of CGFB at Diﬀerent Depths.
To study the sulfate ion contents at diﬀerent depths, a lowspeed diamond cutting machine (SYJ-150, Kejing AutoInstrument Company, China) was used to slice the CGFB
samples at diﬀerent corrosion ages into layers that were
5 mm in thickness. The slices were ground in a mortar and
screened with a 0.075 mm sieve after drying for 3 d. Subsequently, the sulfate ion contents of powder samples were

WSO4 2− � 1.2 ×

0.343 × m2 − m1 
× 100%,
m

(3)

where m1 is the mass of the crucible, m2 is the total mass of
the precipitate and crucible, and m is the mass of the CGFB
sample powder. The coeﬃcients of 0.343 and 1.2 correspond
to the conversion of BaSO4 to SO3 and SO3 to SO42−,
respectively.
2.3.4. Microstructures. A high- and low-vacuum SEM (JSM6510LV, Jeol, Japan) were used to study the microstructures
and morphology of the corrosion products. The high-vacuum resolution was 3 nm (30 kV)/8 nm (3 kV)/15 nm (1 kV),
and the low-vacuum resolution was 4.0 nm (30 kV). The
specimens were cut from the CGFB surface and interior at
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selected corrosion ages, and the sampling depths of CGFB
were 0–5 mm and 10–15 mm, respectively. The specimens
were immersed in an alcoholic solution to terminate hydration and dried before testing. A layer of conductive metal
was then sprayed onto the specimens’ surface, and the internal structure of specimens was observed.
XRD was used to analyze the mineral compositions of
the corrosion products at diﬀerent corrosion ages. XRD
analysis was performed using a diﬀractometer (D/max 2500
PC, Cu Kα radiation, 2θ � 10°–80°) with an operating voltage
of 40 kV, emission current of 40 mA, and step size of 0.02°.

3. Results and Discussion
3.1. Macroscopic Performance of CGFB
3.1.1. Surface Damage. The surface damage of the CGFB
samples exposed to the cyclic sulfate environment is shown
in Figure 3. In the early stage of corrosion, the corners of the
CGFB samples peeled oﬀ and spread towards the middle,
and this was mainly because of the expansion and contraction from water absorption and loss. In addition, CGFB
samples generated white dot-like products at the corners (as
shown in yellow-circled areas) after immersion in all sodium
sulfate solutions except the 0% solution, which indicated that
salt crystallization occurred on the surface. This was because
of the rough surface of CGFB samples providing sites for the
retention of sulfate ions. In the dry state, the sulfate ions in
the pores easily reached supersaturation, leading to crystal
growth. As the drying-wetting cycles continued, the salt
crystallized on the surface of CGFB samples in the dry state
and dissolved in the wet state. Subsequently, the sulfate ions
invaded the interior of the CGFB samples and reacted with
hydration products to form expansive products. This eﬀect
increased the surface damage and resulted in continuous
peeling of the CGFB samples.
3.1.2. Mass Change. The mass changes of CGFB samples
under sulfate attack of drying-wetting cycles are shown in
Figure 4. The mass changes of CGFB samples can be divided
into three stages: rapid decrease of mass (0–3 cycles), stable
increase of mass (3–9 cycles), and stable decrease of mass
(9–15 cycles). At the third cycle, the masses of CGFB samples
immersed in 0%, 5%, 10%, and 15% sodium sulfate solutions
decreased by 4.69%, 4.11%, 3.93%, and 3.79%, respectively.
This was mainly caused by spalling of the sample’s surface.
At the sixth cycle, the masses of CGFB samples immersed in
each sodium sulfate solution increased by 0.11%, 0.20%,
0.35%, and 0.37%, respectively, compared with the masses at
the third cycle. This was because the cement particles
generated some cementitious substances after hydration.
Furthermore, the hydration products absorbed water and
ﬁlled the internal pores of CGFB samples, which increased
the masses of the samples. Therefore, the masses of CGFB
were aﬀected by the cementitious substances and pore
evolution of the samples [44]. At the ninth cycle, the masses
of all CGFB samples increased except for the samples immersed in 0% sodium sulfate solution. This may be because
the cement particles inside the paste were nearly completely
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hydrated, and the samples were constantly damaged by
water absorption and loss. At the twelfth cycle, the masses of
CGFB samples in each sodium sulfate solution decreased,
with the masses of the samples in 15% sodium sulfate solution decreasing the most. This was mainly because the
samples in 0% sodium sulfate solution were constantly
damaged by water absorption and loss. In addition, the
samples in sodium sulfate solutions produced a large
number of corrosion products and they were constantly
damaged by salt crystallization and dissolution. As the
drying-wetting cycles continued, the masses of the CGFB
samples continued to decline. At the ﬁfteenth cycle, the
masses of the CGFB samples immersed in each sodium
sulfate solution decreased by 0.14%, 0.94%, 1.45%, and
1.49%, respectively, compared with the masses in the twelfth
cycle. The masses of CGFB samples immersed in 15% sodium sulfate solution decreased the most, while those of the
CGFB samples immersed in 0% sodium sulfate solution
decreased the least.
3.1.3. Uniaxial Compressive Strength. The changing regularity of uniaxial compressive strengths of the CGFB samples
under sulfate attack of drying-wetting cycles is shown in
Figure 5. With the increase in the number of drying-wetting
cycles, the strengths of CGFB samples ﬁrst increased and
then decreased. At the third cycle, the residual strength
ratios of the CGFB samples immersed in 0%, 5%, 10%, and
15% sodium sulfate solutions were 0.96, 1.11, 1.15, and 1.21,
respectively. The strengths of the CGFB samples increased to
some extent in all sodium sulfate solutions aside from the
samples in the 0% sodium sulfate solution. The latter was
mainly because of spalling of the surface in the early stage of
corrosion. At the sixth cycle, the residual strength ratios of
CGFB samples in each sodium sulfate solution were 1.09,
1.31, 1.36, and 1.43, respectively. The higher the concentration of sodium sulfate solution was, the faster the increase
in the strengths of CGFB samples would be. As the ettringite
ﬁlled the internal pores and grew radially, the crystal connections inside the paste increased. Simultaneously, the
consumption of portlandite promoted the continuous hydration of cement particles to generate more cementitious
materials, which improved the cementation between internal aggregates. At the ninth cycle, the residual strength
ratios of CGFB samples in each sodium sulfate solution were
1.02, 1.36, 1.54, and 1.46, respectively. Unlike the other
samples, the strengths of CGFB samples in the 0% sodium
sulfate solution decreased and the strengths of samples in the
10% sodium sulfate solution increased the most in this cycle.
The former may be because of the constant damage by water
absorption and loss, and the latter was because the cement
particles inside the paste were nearly completely hydrated
and the samples were constantly damaged by salt crystallization and dissolution. Moreover, a higher concentration
of sulfate solution led to a greater driving force acting on
sulfate ions entering the CGFB samples. As the dryingwetting cycles continued, the strengths of the CGFB samples
continued to decline. At the end of the drying-wetting cycle,
the residual strength ratios of CGFB samples in each sodium
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Figure 3: Surface damage of the CGFB samples immersed in 0–15% sodium sulfate solutions at the (a) third and (b) ﬁfteenth drying-wetting
cycles.
2.0

7

1.5

5

f Attack/f 0

Loss ratio of mass (%)

6

4

1.0

3
2

0.5

1
0.0

0
0

3

0% S
5% S

6
9
12
Drying-wetting cycles (times)

15

10% S
15% S

0

3

0% S
5% S

6
9
12
Drying-wetting cycles (times)

15

10% S
15% S

Figure 4: Mass changes of CGFB samples under sulfate attack of
drying-wetting cycles.

Figure 5: Residual strength ratios of CGFB samples under sulfate
attack of drying-wetting cycles.

sulfate solution were 0.81, 0.76, 0.71, and 0.57, respectively. A
higher concentration of sodium sulfate solution led to a
greater decrease in the strengths of CGFB samples.

samples can be classiﬁed into two types, namely, the through
fracture and the nonthrough fracture [45]. At the third cycle,
the surface of the CGFB samples peeled oﬀ, and diﬀerent
forms of damage occurred under uniaxial compression. This
was mainly due to the surface damage of CGFB from water
absorption and loss. The CGFB samples immersed in the 0%
sodium sulfate solution had the most serious damage, while
the CGFB samples immersed in the 15% sodium sulfate

3.1.4. Failure Characteristics. It can be clearly observed from
Figure 6 that the CGFB samples exhibited the layered failure.
Further, the geometrical trajectory of the fracture in CGFB
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Figure 6: Failure characteristics of CGFB samples immersed in 0–15% sodium sulfate solutions at the (a) third and (b) ﬁfteenth dryingwetting cycles.

solution were relatively lightly damaged. At the ﬁfteenth
cycle, the CGFB samples were mainly in the form of
cleavage, and the surface layers continued to peel. At this
point, the CGFB samples immersed in the 0% sodium sulfate
solution were relatively lightly damaged, while the CGFB
samples immersed in other sodium sulfate solutions were
more severely damaged.
3.2. Microscopic Observation of CGFB
3.2.1. Sulfate Ion Contents of CGFB at Diﬀerent Depths.
The sulfate ion contents at diﬀerent depths of the CGFB
samples under sulfate attack of drying-wetting cycles are
presented in Figure 7. For the same drying-wetting cycle and
concentration of sodium sulfate solution, the sulfate ion
contents of CGFB samples decreased with depth. Moreover,
for the same drying-wetting cycle and sampling depth, the
sulfate ion contents of CGFB samples increased with the
concentration of sodium sulfate solution. Additionally, for
the same depth and salt solution concentration, the sulfate
ion contents of CGFB samples increased with drying-wetting cycles. In the early stage of corrosion, due to the high
sulfate ions in immersion solutions, sulfate ions were
concentrated on the sample surface and the sulfate ion
contents of the CGFB samples decreased with sampling
depth. A higher concentration of erosion solution led to a
greater driving force acting on sulfate ions entering the
CGFB samples. The corrosion solution in CGFB pores would
evaporate and crystallize in the dry state and produced
pressure between the pore walls [26]. When CGFB samples
were in the wet state, the crystals dissolved, and this plastic
damage was diﬃcult to recover. In addition, the accumulation of erosion products inside the paste aggravated internal damage and sulfate ions easily entered the CGFB
samples.
3.2.2. SEM and XRD Analyses. The microstructures of the
CGFB samples were studied by SEM and XRD after selected

times under sulfate attack of drying-wetting cycles. Figure 8
shows the SEM images of the CGFB surface layers at the
ﬁfteenth drying-wetting cycle. The surface layers of CGFB
samples immersed in 0% sodium sulfate solution had many
pores because of severe spalling. However, fewer cracks were
distributed on the surface, with only a few acicular ettringite
crystals observed in the pores. For the samples immersed in
5% sodium sulfate solution, the crack width of the CGFB
surface layer was larger, and ettringite was distributed in the
crack depth. At a higher concentration of sodium sulfate
solution, it is easier for sulfate ions to enter into the CGFB
samples and aﬀect the interface characteristics of the samples
[46]. Therefore, the cracks on the surface of the CGFB
samples widened and the erosion worsened. In addition,
crack initiation and propagation are the important stages in
the failure process of CGFB; the interaction between various
heterogeneous substances would aﬀect the internal pore
structure and promote the generation of new cracks and the
propagation of original cracks [47–51]. Nevertheless, there
was no ettringite observed on the surface of CGFB samples
immersed in 15% sodium sulfate, which may be caused by
the consumption of portlandite and the unstable dissolution
of ettringite.
Figure 9 shows the SEM images of the CGFB samples at
the same depth eroded at diﬀerent periods. At the third
drying-wetting cycle, the hydrated calcium silicate (C-S-H)
gel accounted for the main body of strength, lamellar
portlandite accumulated around the gel, acicular crystals
grew in clusters, and no gypsum was observed in CGFB
samples immersed in 0% sodium sulfate solution. With an
increase in the concentration of sodium sulfate solution, the
lamellar crystals grew alternately with ettringite that became
smaller, the surface became smoother, and the microstructures became more compact. At the ﬁfteenth dryingwetting cycle, the acicular ettringite was irregular in CGFB
samples immersed in 0% sodium sulfate solution. The
quantity of prismatic ettringite increased, while that of the
acicular ettringite decreased in the samples immersed in
5–15% sodium sulfate solutions. Furthermore, the lamellar
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Figure 7: Sulfate ion contents at diﬀerent depths of CGFB samples immersed in 0–15% sodium sulfate solutions at the (a) third, (b) ninth,
and (c) ﬁfteenth drying-wetting cycles.

crystals had universal defects and grew irregularly near the
ettringite, and the C-S-H gel decreased.
The XRD patterns of CGFB samples under sulfate attack
of drying-wetting cycles are shown in Figure 10. At the third
drying-wetting cycle, the intensity of the quartz diﬀraction
peak was high, indicating that the cement particles were not
completely hydrated and that there was not a large amount of
ﬂy ash involved in the reaction. In addition, the intensity of
the gypsum diﬀraction peak was relatively low, indicating that
most of the gypsum was converted to the ettringite during the
erosion process. Additionally, no diﬀraction peak corresponding to mirabilite was found for the CGFB samples
immersed in 0% sodium sulfate. The intensity of the C-S-H
and ettringite peaks increased and that of the portlandite peak
decreased in 5–15% sodium sulfate solutions, which indicated

that sulfate ions entering the paste reacted with hydration
products to promote ettringite formation. Furthermore, the
consumption of portlandite promoted the continuous hydration of cement particles, and more C-S-H was generated.
At the ﬁfteenth drying-wetting cycle, the intensities of the
gypsum and quartz peaks were relatively low, indicating that
the nonhydrated particles participated in the hydration reaction. Moreover, no mirabilite peak was found for the CGFB
samples immersed in 0% sodium sulfate solution. In high
concentration of salt solution, high intensities were observed
for the mirabilite and ettringite peaks, and low intensities
were observed for the portlandite and C-S-H peaks. This
showed that the salt crystallized in the dry state, whereas the
CGFB samples consumed portlandite to produce a large
amount of ettringite in the wet state.
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Figure 8: SEM images of the surface layers of CGFB samples immersed in 0–15% sodium sulfate solutions.
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Figure 9: Continued.
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Figure 9: SEM images of CGFB samples immersed in 0–15% sodium sulfate solutions at the (a) third and (b) ﬁfteenth drying-wetting cycles.
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Figure 10: XRD patterns of CGFB samples immersed in 0–15% sodium sulfate solutions at the (a) third and (b) ﬁfteenth drying-wetting
cycles.
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Figure 11: Damage process of CGFB samples under sulfate attack of drying-wetting cycles at the (a) ﬁrst stage and (b) second stage.

3.3. Damage Process of CGFB Samples. As can be seen from
Figure 11, the damage process of CGFB samples can be
divided into two stages. In the early stage of corrosion, the

surface layers of CGFB samples peel oﬀ because of the
expansion and contraction from water absorption and loss.
In addition, with high sulfate concentrations in solutions,
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sulfate ions adsorb to the surface and then diﬀuse into the
CGFB samples through the pores and interfacial transition zones.

Na2 SO4 + Ca(OH)2 + 2H2 O ⟶ CaSO4 · 2H2 O + 2NaOH

3CaO · Al2 O3 · 6H2 O + 3 CaSO4 · 2H2 O + 20H2 O ⟶ 3CaO · Al2 O3 · 3CaSO4 · 32H2 O
The sulfate ions react with portlandite to form ettringite,
which are subsequently held in the micropores and
microcracks.
2 3CaO · SiO2  + 6H2 O ⟶ 3CaO · 2SiO2 · 3H2 O
+ 3Ca(OH)2

2 2CaO · SiO2  + 4H2 O ⟶ 3CaO · 2SiO2 · 3H2 O
+ Ca(OH)2

(6)

(7)

Simultaneously, the consumption of portlandite promotes the hydration of cement particles, thus producing
more cementitious substances.
Na+ + SO4 2− + 10H2 O ⟶ Na2 SO4 · 10H2 O
⟶ Na2 SO4 + 10H2 O

(8)

When the pores inside the CGFB samples are fully ﬁlled,
with continued drying-wetting cycles and increment concentration of sulfate ions in the pore solution, the salt solution inside the paste easily reaches saturation and produces
crystallization in the dry state. The crystals grow towards the
pore walls, resulting in crystallization pressure between the
crystal and walls. In addition, sodium sulfate crystals dissolve in the wet state, and the plastic damage is diﬃcult to
recover. The erosion ions enter into the CGFB samples to
consume portlandite and produce expansive erosion
products. This signiﬁcantly reduces the adhesive properties
of the internal CGFB structure and intensiﬁes the internal
damage of CGFB samples.

4. Conclusions
In this study, the macro performance and microstructures of
cemented coal gangue-ﬂy ash backﬁll (CGFB) under sulfate
attack of drying-wetting cycles were investigated. The results
elucidate the degradation regularity of CGFB under cyclic
sulfate environment in coal mines.
When CGFB samples were under sulfate attack of
drying-wetting cycles, the samples were damaged by salt
crystallization in the dry state and attacked by expansive
products in the wet state. In addition, the sulfate ion contents
in CGFB samples increased with the sulfate concentrations
and drying-wetting cycles and decreased with depth.
The damage of CGFB samples evolved from the surface
to the inside. In the early stage of corrosion, sulfate ions
adsorbed to the surface of the samples. For this stage,

(4)
(5)

hydrated calcium silicate (C-S-H) and acicular ettringite
were found in the CGFB samples. The samples immersed in
15% sodium sulfate solution led to denser internal structures
and a more rapid increase of masses and strengths of CGFB
samples. As the drying-wetting cycles continued, the sulfate
ions invaded the interior of the CGFB samples, and the
samples were constantly damaged by salt crystallization and
dissolution. The quantity of prismatic ettringite increased,
while that of acicular ettringite decreased in the samples
immersed in 5–15% sodium sulfate solutions. At the ﬁfteenth drying-wetting cycle, the higher the concentration of
immersion solution was, the faster the masses and the
strengths of CGFB samples decreased, and the more severe
the surface spalling and the failure of CGFB samples were.
These conclusions are of great signiﬁcance to further
improve the adaptability of CGFB to the engineering environment in coal mines. Further research is required to
explain the diﬀusion-reaction problem of sulfate ions and
build the damage evolution model of CGFB under sulfate
attack of drying-wetting cycles. More experimental studies
are required to assess the durability of CGFB under mine
water of drying-wetting cycles. In addition, the properties of
CGFB with diﬀerent types of cement and other pozzolanic
materials, such as ceramic powder, silica fume, and red mud
under this eﬀect, should be studied.
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