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Properties of rock-cemented coal gangue-fly ash backfill (CGFB) bimaterials determine the effects of strip CGFB mining on
controlling the surface subsidence in coal mines, which are affected by the coal gangue particle size in CGFB. In this paper, uniaxial
compression tests were conducted on the coarse sandstone-CGFB composite samples with different coal gangue particle sizes, and
their strength, acoustic emission (AE), and failure characteristics were investigated.,e uniaxial compressive strength (UCS) and
elastic modulus of the composite sample decreased with the coal gangue particle size. ,e strength of the composite sample is
mainly dependent on that of CGFB in it, affected by interactions between CGFB and coarse sandstone. ,e deformation of the
coarse sandstone weakened the damage accumulation within CGFB, resulting in the strength of the composite sample larger than
that of CGFB.,e average UCS values of composite samples with coal gangue particle sizes of 0∼5mm, 5∼10mm, and 10∼15mm,
increased by 10.78%, 14.98%, and 12.70% compared with CGFB in them, respectively. AE event signal regularity of the composite
sample was divided into three stages: rising period, calm period, and active period.,e intensity and frequency of AE event signals
in three periods were strengthened with the coal gangue particle size. ,e calm period can be taken as the precursory information
for the failure and instability of composite sample under loading, whose duration became shortly with the coal gangue particle
size. ,e rebound deformation of coarse sandstone caused the fluctuations of AE event signals at the later stage of active period.
,e failures of the composite sample occurred within CGFB, and no obvious failures were found in the coarse sandstone. ,e
CGFB mainly experienced the splitting failure accompanying by varying degrees of surface spalling failures. ,e broken degree of
CGFB increased with the coal gangue particle size, and the largest weight ratio of CGFB fragments (chips) after failure was
determined by the coal gangue particle size.

1. Introduction

,e surface subsidence induced by the underground coal
mining not only destroys the ecological environment and the
surface buildings (Figure 1) but also associates with many
serious hidden troubles [1–9]. Many coal mines have used
the backfill mining to control the surface subsidence. ,e
cemented coal gangue-fly ash backfill (CGFB), mainly
consisting of the cement, fly ash, coal gangue, and water, has

been widely used in the field of backfill mining due to its high
early and cured strengths and good pumping performances
[10–14]. In order to reduce the quantity and cost of backfill
materials, the strip CGFB mining is used to control the
surface subsidence in many Chinese coal mines. Its basic
principle is that some strip CGFB bodies with regular in-
tervals are arranged in the goaf to support the overlying
strata and to control the surface subsidence [15–18], as
shown in Figure 2. If the intervals between CGFB bodies
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exceed the caving step distance of the immediate roof, the
immediate roof will collapse, and then the broken rocks will
backfill the goaf. Now, the immediate roof-CGFB body
composite structures are formed in the goaf to support the
overlying strata and to control the surface subsidence. ,e
properties of these composite structures determine the ef-
fects of controlling surface subsidence by the strip CGFB
mining, which are necessary to investigate.

However, previous investigations pay more attention to
the properties of pure CGFB, and some interesting
achievements were obtained. Du et al. [19] analyzed the
volume resistivity, pore solution resistivity, UCS, and elastic
modulus of CGFB at early age, and its hydration process was
divided into the adsorption period, dissolution period,
condensation period, and hardening period. Qi et al. [20, 21]
investigated the effects of the fine coal gangue and fly ash
contents on properties of CGFB, including the rheological
property, bleeding index, UCS, and dry shrinkage. Feng et al.
[22] studied the influences of the wasted concrete coarse
aggregate on the performances of CGFB and analyzed the

feasibility of the waste concrete coarse aggregate to replace
coal gangue for CGFB. And they also investigated the op-
tical-acoustic-stress responses of CGFB during the failure
process under loading [23, 24]. Based on the Nishihara
model, Sun et al. [25] established the creep constitutive
model of CGFB and analyzed the effects of the chloride
corrosion on creep characteristics of CGFB [26]. Wu et al.
[27–29] believed that the properties of CGFB were subjected
to the thermal (T), hydraulic (H), mechanical (M), and
chemical (C) processes, and they studied the THMC effects
on the mechanical properties of CGFB. Furthermore, they
also discussed the transportability and pressure drop of fresh
CGFB slurry in the pipe loop [30]. Cui et al. [31], Liu et al.
[32], and Sun et al. [33] tested the effects of the sulfate and
chloride corrosions on the properties of CGFB, respectively,
and they analyzed the influence mechanisms from a mi-
croscopic perspective. ,rough the uniaxial compression
tests on the CFGB samples with a large size
(length×width× height� 800mm× 800mm× 1600mm),
Du et al. [10, 11] investigated the bearing mechanism and
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Figure 1: Damages of surface subsidence caused by underground coal mining. (a) Collapse pit. (b) Building damage.
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Figure 2: Basic principles of strip CGFB mining.
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stability of CGFB column in partial backfill engineering.
Based on the CGFB, a new type of backfill materials called
geopolymer cemented coal gangue-fly ash backfill (GCGFB)
was invented by Sun et al. [26, 34, 35], which consisted of
coal gangue, fly ash, cement, slag, and alkaline activator
mixed with sodium hydroxide and sodium silicate, and its
properties were studied, including the localized deforma-
tion, microstructure, and creep properties.

,e aforementioned investigations are important for
understanding the properties of CGFB. While few studies
have focused on the properties of the rock-CGFB bimate-
rials, Chen et al. [18] preliminarily investigated the me-
chanical properties of sandstone-CGFB bimaterials. Other
studies have investigated the shear failure characteristics
[36, 37], failure mechanisms [38, 39], and tensile perfor-
mances of the rock-concrete bimaterials [40].

,e coal gangue particle size in CGFB affects the whole
properties of rock-CGFB bimaterials. In this paper, the
coarse sandstone-CGFB composite samples with different
coal gangue particle sizes of 0∼5mm, 5∼10mm, and
10∼15mm were prepared, respectively, and uniaxial
compression tests were conducted on them to investigate
their strength, acoustic emission (AE), and failure
characteristics.

2. Materials and Methods

2.1. Raw Materials. In this investigation, the coarse sand-
stone was used as the rock material, which was collected
from the immediate roof in the 4338 working face of
Daizhuang Coal Mine of Shandong Province, China. ,e
CGFB composed of cement, fly ash, coal gangue, and water.
Among them, cement was Portland cement of grade 42.5
obtained from Shandong Rizhao No. 3 cement plant. Fly
ash was the secondary fly ash obtained from the Shandong
Huangdao Power Plant, and the coal gangue was collected
from the Daizhuang Coal Mine. Water was the tap water
obtained from the State Key Laboratory of Mine Disaster
Prevention and Control, Shandong University of Science
and Technology. ,e mineral components of coal gangue,
fly ash, and cement in this investigation are shown in
Figure 3.

2.2. Sample Preparation. In order to study the properties of
rock-CGFB bimaterials with different coal gangue particle
sizes, the coal gangue particle sizes were taken as 0∼5mm,
5∼10mm, and 10∼15mm in this investigation, respectively.
According to previous investigations [18, 31, 32], the mass
ratio of cement to fly ash to coal gangue was 1 : 4 : 6 in CGFB,
and the solid materials comprised 78% of the total weight of
CGFB. For convenience, both coarse sandstone and CGFB
had a same height of 50mm in the standard composite
samples (Φ 50×100mm). ,e preparation processes of
coarse sandstone-CGFB composite samples were described
as follows.

,e coarse sandstone blocks were firstly drilled into the
cylindrical samples with a diameter of 50mm using a ZS-100
fully automatic drilling and coring machine. ,en, using a

QS-2 stone-sawing machine, these cylindrical samples were
cut into Φ 50× 50mm. Both ends of these coarse sandstone
samples were trimmed flat and smooth using a LM-200
vertical stone-grinding machine to provide smooth surfaces,
i.e., the nonparallelism of the two ends was less than
0.01mm, and the diameter deviation of the ends was no
greater than 0.02mm [41]. ,e coarse sandstone samples of
Φ 50× 50mm were used to prepare the composite samples.
Each coarse sandstone sample was then placed in the moulds
of Φ 51× 50mm. ,e well-stirred mixtures of CGFB with
different coal gangue particle sizes were directly poured into
the moulds. Composite samples were removed from moulds
after 24 h and cured for 28 d in a curing box with a tem-
perature of 20± 2°C and a humidity of 80%. ,e CGFB end
of the composite sample was trimmed with a LM-200
vertical stone-grinding machine to meet experimental re-
quirements, and its sides were mechanically sanded with a
fine emery paper to make it 50mm in diameter. Now, the
coarse sandstone-CGFB composite samples were well pre-
pared, as shown in Figure 4. Nine composite samples were
prepared and categorized under groups A, B, and C, cor-
responding to the composite samples with the coal gangue
particle sizes of 0∼5mm, 5∼10mm, and 10∼15mm,
respectively.

2.3. Testing System. ,e testing system consisted of a loading
system, an AEmonitoring system, and a digital video camera
synchronized to have the same time stamps in each test, as
shown in Figure 5. An AG-X250 servo-controlled testing
system, as the loading system, was used to carry out the
uniaxial compression tests on coarse sandstone-CGFB
composite samples with different coal gangue particle sizes.
A double screw loading structure is used for working
flexibility; therefore, this testing system can execute the
conventional compression, tensile, or any other mechanical
tests, as required [41–45]. ,e maximum testing load of the
testing system can reach 250 kN. Considering that the
composite structures of rock-CGFB body support the
overlying strata for a long time, a displacement loading
method was adopted in these tests at a loading rate of
0.0005mm/s.

According to the test method provided by Chen et al.
[41, 42], the fracturing and failure propagation processes of
composite samples under uniaxial loading were monitored
using a PCI-2 AE monitoring system by MISTRAS and a
SONY portable digital camera. ,e main amplifier,
threshold value, and floating threshold of AE monitoring
system were 40 dB, 45 dB, and 6 dB, respectively. ,e AE
probe was R3α, whose resonant and sampling frequencies
were 20∼100 kHz and 106/s, respectively [18]. One AE
sensor was fixed to the surface of the coarse sandstone
using the adhesive tape. Vaseline was applied between the
sensor and sample surface to improve coupling conditions.
,e pencil-lead fracture method proposed by ASTM
(American Society for Testing andMaterials) was employed
to calibrate the AE system [26]. Finally, the fragment (chip)
weight distributions of composite samples were analyzed
after failure.
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3. Results Analysis

3.1. Strength Characteristics of Composite Samples. ,e UCS
values and elastic moduli (the slope of stress-strain curve at
40%–60% of peak stress) of coarse sandstone-CGFB com-
posite samples with different coal gangue particle sizes are
compared in Figures 6(a) and 6(b), respectively.

In Figure 6, the coal gangue particle size seriously affects
the UCS and elastic modulus of the composite sample. ,e
average UCS and elastic modulus of group A (coal gangue
particle size of 0∼5mm) are the largest in three groups,
which are 4.705MPa and 0.69GPa, respectively, while the
average UCS and elastic modulus of group C (coal gangue
particle size of 10∼15mm) are the smallest with 2.802MPa
and 0.51GPa, respectively. ,e average UCS and elastic
modulus of group B (coal gangue particle size of 5∼10mm)
are 3.745MPa and 0.60GPa, respectively. Compared with
group A, the average UCS values of groups B and C decrease
by 20.40% and 40.45%, respectively, and the corresponding
average elastic moduli decrease by 10.44% and 22.09%,
respectively. ,ese illustrate that the strength and elastic
modulus of the composite sample generally decrease with
the coal gangue particle size, which are consistent with the
effects of the coal gangue particle size on that of pure CGFB
samples [20].

3.2. Failure Characteristics of Composite Samples. Typical
images of macrofailure for the coarse sandstone-CGFB
composite samples with different coal gangue particle sizes
are shown in Figure 7. In Figure 7, the failures of composite
samples mainly occur within the CGFB, and we observe no
evidence of the fracturing or failure in the coarse sandstone.
,ese illustrate that the failure and instability of CGFB
determine the overall instability of the composite sample.

Coarse sandstone

CGFB 

Group C 

(1015mm)

Group B 

(510mm)

Group A 

(05mm)

Figure 4: Coarse sandstone-CGFB composite samples with dif-
ferent coal gangue particle sizes.
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Figure 3: Mineral components of (a) cement, (b) fly ash, and (c) coal gangue.
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,e failure characteristics reflect the strength properties of
samples [41–43]. ,erefore, the whole strength of composite
sample mainly depends on that of CGFB in it. ,e tensile
cracks are clearly found in CGFB, illustrating that the CGFB
experiences the splitting failure. Meanwhile, some local
surface spalling failure zones are also found in the CGFB.
,erefore, the CGFB in the composite sample attains the
splitting failure accompanied by the varying degrees of local

surface spalling failures. With an increase of the coal gangue
particle size, the broken degree of CGFB generally increases.

After failure, CGFB in the composite samples produces
the fragments (chips) with different sizes. In order to further
analyze the failure characteristics of composite samples, the
fragment (chip) weight distributions of CGFB after failure
were counted and investigated. ,e fragment (chip) weight
distributions were divided into four groups: 0∼5mm,
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Figure 6: Variations in (a) UCS and (b) elastic modulus of composite samples with coal gangue particle size.
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Figure 5: Test system for the composite samples.
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5∼10mm, 10∼15mm, and >15mm. CGFB fragments (chips)
with the size less than 5mm were screened by the sieve with
corresponding aperture. For the CGFB fragments with the
size larger than 5mm, their sizes were firstly measured with a
vernier caliper and were weighed. Finally, the fragments
(chips) in each distribution were weighed, respectively, and
then were processed through the average value method. ,e
CGFB fragment (chip) weight distributions are shown in
Figure 8.

In Figure 8, the weight ratios of CGFB fragments (chips)
within 0∼5mm in three groups are 50.51%, 21.01%, and
15.47%, respectively, showing a decreasing trend with the
coal gangue size. ,e weight ratio of CGFB fragments within
5∼10mm is the largest (55.26%) in group B, and the weight
ratio within 10∼15mm is the greatest (48.93%) in group
C. ,ese illustrate that the coal gangue particle size affects
the fragmentation form of CGFB in the composite samples,
i.e., the coal gangue particle size determines the largest
weight ratio of CGFB fragments after failure in this inves-
tigation. Meanwhile, these again display that the overall
strength of composite sample is determined by that of CGFB
in it.

3.3. AECharacteristics of Composite Samples. Figure 9 shows
the AE characteristics of coarse sandstone-CGFB composite
samples with different coal gangue particle sizes.

In Figure 9, the loading processes of composite samples
can be divided into three stages: rising period, calm period,
and active period according to their AE characteristics. For
the uniaxial stress-strain curve of composite sample, the
rising period corresponds to the initial compaction stage and
the early stage of linear elastic; the calm period presents the
later stage of linear elastic; and the active period corresponds
to plastic yield and postpeak failure stages [46].

In the rising period, the voids and cracks in the coarse
sandstone and CGFB are compacted, which are also ac-
companied by the frictions between the coal gangue parti-
cles. And microcracks initiate and stably propagate in this
stage. ,erefore, the intensity and frequency of AE event
signals are strong in this period, exhibiting the large fluc-
tuations in peak values. At the later stage of rising period, the
intensity and frequency of AE event signals are slightly
weakened. CGFB with large coal gangue particle sizes
contains more voids and cracks compared that with small
coal gangue particle sizes [20, 21]. ,e stress concentration
easily appears around the defects in the CGFBwith large coal
gangue particle sizes, and microcracks readily initiate from
the defects. ,us, the intensity and frequency of AE event
signals for C-3 composite sample are the largest.

In the calm period, the AE event signals are stable with
low intensity and frequency. Microcracks are formed inside
the composite sample and stably propagate in this stage.
However, this process is shorter compared with that of rising

0~5mm 5~10mm 10~15mm 

CGFB

Coarse sandstone Coarse sandstone

CGFB CGFB

Coarse sandstone

Figure 7: Typical macrofailure patterns of composite samples.
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Figure 9: AE characteristics of composite samples. (a) A-3 composite sample. (b) B-1 composite sample. (c) C-3 composite sample.
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Figure 8: Fragment (chip) weight distributions of CGFB after failure. (a) Group A (0∼5mm). (b) Group B (5∼10mm). (c) Group C
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and active periods, which can be taken as the precursory
information of failure and instability of composite sample
under loading. ,e attention spans of the calm period for
A-3, B-1, and C-3 composite samples are 202 s, 158 s, and
118 s, respectively, showing a decreasing trend with the coal
gangue particle size. At the later stage of the calm period, AE
event signals are slightly enhanced with some peaks, espe-
cially the C-3 composite sample. ,is is mainly due to local
damage inside CGFB induced by propagation and coales-
cence of microcracks.

In the active period, the AE event signals are
strengthened, exhibiting more significant fluctuations with
large peak values. Microcracks begin to unstably propagate
in the composite sample, and new macrocracks are formed

on the surface of CGFB. ,e propagation and coalescence of
macrocracks cause the splitting failure of CGFB, accom-
panied by local surface spalling failure. Finally, the failure
and instability of CGFB cause the overall instability of the
composite sample. However, the intensity and frequency of
AE event signals at this stage are weaker than in the rising
period mainly because the AE radiation waves are seriously
attenuated and even blocked due to the aggregation of a large
number of macrocracks before failure [23]. Meanwhile, due
to the largest broken degree, the AE event signals for C-3
composite sample are greater than A-3 and B-1 composite
samples.

It is important to be pointed that due to its large strength,
the coarse sandstone is still in the linear elastic stage after the
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Figure 10: Stress-strain curves of (a) pure coarse sandstone sample, (b) pure CGFB samples, and (c) composite samples.

8 Advances in Civil Engineering



failure of the composite sample. ,e fracture of CGFB will
induce the rebound deformation of coarse sandstone, which
promotes the further movement and failure of CGFB. ,is
process appears before the occurrence of the main failure in
the CGFB [41, 42], and thus the CGFB becomes more broken.
Correspondingly, the AE event signals at the later stage of
active period appear some fluctuations in peak values.

4. Discussion

From the failure characteristics of composite samples, their
overall strength is determined by the strength of CGFB in
them. ,e stress-strain curve can well reflect the mechanical
properties of the sample under loading [42]. Figure 10 shows
the stress-strain curves of coarse sandstone-CGFB com-
posite samples, pure coarse sandstone, and CGFB samples
(Φ 50×100mm).

In Figure 10, the stress-strain curves of composite
samples are similar to that of the pure CGFB samples, but are
different to that of coarse sandstone samples. After the peak
stress point, the composite samples and pure CGFB samples
attain the plastic failure. ,e corresponding stress-strain
curves decline slowly. While the pure coarse sandstone
sample experiences the brittle failure after the peak stress
point, the corresponding stress-strain shows a straight steep
decline. ,ese mean that the stress-strain characteristics of
the composite sample mainly depend on the CGFB in it. And
the strength of CGFB in the composite sample plays a major
role in the whole strength of the composite sample. Based on
the strength (σC) of pure CGFB samples, the strength (σc) of
CGFB in the composite sample is [41]

σc �
σC(7 + 2(D/h))

8
, (1)

where D and h are the diameter and height of CGFB in the
composite sample, respectively, and they are all 50mm.
Figure 11 shows comparisons of σC, σc, and average UCS of
each group composite sample.

In Figure 10, the average UCS of the composite sample is
found to be larger than that of CGFB in it. Compared with
σc, the average UCS values of groups A, B, and C decrease by
10.78%, 14.98%, and 12.70%, respectively. ,ese are mainly
induced by the interactions between coarse sandstone and
CGFB in the composite sample.

It is well known that the instability and failure of the
material show a damage accumulation process under
loading [47–54]. ,e composite sample is an integrated
body, and the coarse sandstone and CGFB in it both incur
damage under uniaxial loading. Due to its lower strength,
the CGFB is destroyed first, and once its internal damage
accumulates beyond a threshold, it results in the instability
of the composite sample. During this process, the coarse
sandstone consumes some applied mechanical work as
strain energy. ,erefore, the internal damage accumulation
in CGFB is limited. When the axial stress reaches σc, the
accumulated damage in CGFB cannot cause its failure. In
other words, the CGFB will be destroyed for an axial stress
larger than σc. And the failure of CGFB causes the overall
instability of the composite sample. ,erefore, the strength

of the composite sample is greater than that of the CGFB in
it.

,e CGFB is a man-made material, which contains a
greater number of natural defects, such as microcracks and
holes. Under uniaxial loading, the stress concentrates in
these defects of the CGFB, and the circumferential tensile
stress (Δσ) occurs perpendicular to the loading direction, as
shown in equation (2) [55]. If the circumferential tensile
stress exceeds the CGFB’s tensile strength, the defects will
develop into the macrotensile cracks on the CGFB surface.
Propagation and coalescence of these tensile cracks finally
induce the splitting failure of the CGFB and make the local
part of the CGFB more broken to form the surface spalling
failure. Finally, the failure and instability of CGFB induce the
overall instability of the composite sample:

Δσ � −
1
6

l

ηT
kσ 1 − e

− (η/l)t
 , (2)

where l is the defects scale in the CGFB, referring to the
length, width, and depth of natural defects; T is the con-
tinuous loading time; η is the additional tensile stress re-
laxation rate; k is the stress concentration coefficient of
materials; σ is the axial stress; and t is the time variable [45].

In equation (2), Δσ has a positive relationship with l.
Generally, with an increase of the coal gangue particle size,
the CGFB in the composite sample generally contains more
defects with large scales. Under the same conditions, Δσ
around the defects in the CGFB with large coal gangue
particle size is larger than that with small coal gangue
particle size. On the other hand, the tensile strength of CGFB
decreases with the coal gangue particle size [56].,erefore, it
is easier for natural defects in CFGB with large coal gangue
particle size to develop macrotensile cracks under uniaxial
loading. More macrotensile cracks form on the surface of
CGFB. ,is aggravates the damage accumulation in the
CGFB. And the CGFB becomes more broken after failure.

A
xi

al
 st

re
ss

 (M
Pa

)

0~5 5~10 10~15
2.0

2.5

3.0

3.5

4.0

4.5

5.0

Strength of pure standard CGFB sample (σc)
Strength of CGFB in the composite sample (σc)
Average UCS of each group composite sample

Coal gangue particle size (mm)

Figure 11: Comparisons of σC, σc, and average UCS of each group
composite sample.
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Consequently, the strength of the composite sample de-
creases with the coal gangue particle size.

5. Conclusions

,is investigation aims to study strength, AE, and failure
characteristics of the coarse sandstone-CGFB composite
samples with different coal gangue particle sizes under uniaxial
loading. ,e main conclusions are summarized as follows:

(1) With an increase of the coal gangue particle size, the
UCS and elastic modulus of the composite sample
generally decreased. Compared with group A (coal
gangue particle size of 0∼5mm), the average UCS
values of groups B (coal gangue particle size of
5∼10mm) and C (coal gangue particle size of
10∼15mm) decrease by 20.40% and 40.45%, respec-
tively, and the corresponding average elastic moduli
decreased by 10.44% and 22.09%, respectively.

(2) ,e strength of the composite sample was mainly
determined by that of CGFB in it, affected by the
interactions with the coarse sandstone. ,e defor-
mation of the coarse sandstone weakened the
damage accumulation in CGFB, resulting in the
strength of the composite sample larger than that of
CGFB.,e average UCS values of composite samples
with coal gangue particle sizes of 0∼5mm, 5∼10mm
and 10∼15mm increased by 10.78%, 14.98%, and
12.70% compared with CGFB in them, respectively.

(3) AE event signal regularity of the composite sample
under uniaxial loading was divided into three stages:
rising period, calm period, and active period. ,e
intensity and frequency of AE event signals in three
periods were strengthened with the coal gangue
particle size. ,e calm period can be taken as the
precursory information for the failure and instability
of composite sample under loading, whose duration
became short with the coal gangue particle size. ,e
rebound deformation of coarse sandstone caused the
fluctuations of AE event signals at the later stage of
active period.

(4) ,e failures of composite samples occurred within
CGFB, and no obvious failures were found in the
coarse sandstone. CGFB mainly experienced the
splitting failure accompanying by varying degrees of
local surface spalling failures. ,e broken degree of
CGFB was enhanced with the coal gangue particle
size. ,e largest weight ratio of CGFB fragments
(chips) after failure was determined by the coal
gangue particle size.
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