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As the groundwater environment changes in a goaf, the creep deformation of the backfill underwater pressure is worthy of
attention. This paper takes the undercut goaf filling in the Yuzhou section of the middle route of the South-to-North Water
Transfer Project as an example. Grading loading creep testing of the backfill under different water pressures was carried out using
equipment developed by our research team. Based on the experimental results, the following key points were observed: (1) under
the same axial stress, the creep strain and steady creep rate increase with increasing water pressure. Under the same water pressure,
the creep strain and steady creep rate also increase with increasing axial stress. (2) The long-term strength of a backfill sample
decreases with increasing water pressure and has a nonlinear relationship with water pressure. (3) The increase in water pressure
exacerbates the damage of a backfill sample, which is manifested by the secondary crack propagation at the time of failure.
Therefore, the increase in water pressure degrades the mechanical properties of the backfill to some extent. The results of this paper

provide a reliable theoretical basis for the long-term stability analysis of goaf filling underwater pressure.

1. Introduction

The crossing of the water conveyance channel across a coal
mine goaf is a major engineering technical problem in the
Yuzhou section of the middle route of the South-to-North
Water Transfer Project (as shown in Figures 1 and 2). To
ensure the safety of the water conveyance channel, the goaf
under the channel is filled in the early stage of the project to
avoid surface deformation caused by the secondary acti-
vation of the goaf (as shown in Figure 3).

However, in the filling process, due to the complex
distribution of filling material, the irregular shape of the
roadway in the goaf, the consolidation settlement of the
slurry, and so forth, some cavities will form in the goaf. On
the other hand, with the passage of time, due to the ban on
groundwater and ecological hydration in the engineering

area, the groundwater level in the goaf will rise. The
groundwater will form a certain water pressure environment
in the cavities of the goaf through the natural fractures in the
bedrock and the fractures caused by the damage of the
bedrock during the premining process (as shown in Fig-
ure 4). Therefore, the relationship between the creep me-
chanical properties and the long-term strength of the goaf
backfill water pressure needs to be studied.

Recently, a large number of scholars have carried out a
series of studies on the physical and mechanical properties of
cemented backfill in goafs. The strength and deformation
characteristics of the backfill are affected by factors such as
temperature, acidity, alkalinity, additives, and aggregate
thickness during the filling process or after filling [1-3].

Xu et al. [4] studied the fracture mechanics of cemented
backfill at different temperatures by three-point bending
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FIGURE 1: Location of channel and coal mine goaf.

FIGURE 2: South-to-North Water Transfer channel in Yuzhou city.
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testing. Liu et al. [5] explored the mechanical strength of
backfill in areas with lower temperatures through a series of
experiments. Ercikdi et al. [6] studied the effect of tem-
perature after dehydration on the long-term strength and
creep properties of backfill. Fall and Pokharel [7] conducted
temperature experiments on the mechanical properties and
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microstructure of backfill and summarized its influence on
the backfill integrity. Kermani et al. [8] and Hamberg et al.
[9] tested the uniaxial compressive strengths of fillings from
different ages and with different consolidation temperatures.

Fall and Benzaazoua [10] explored the mechanical
properties of backfill in sulphate solution. Benzaazoua et al.
[11] studied the effect of sulphides in tailings on the me-
chanical properties of backfill. Li and Fall [12] investigated
the early strength of backfill influenced by sulphate. Coussy
et al. [13] experimentally studied the mechanical properties
of backfill under different acidity and alkalinity conditions.
Liu et al. [14] explored the effect of acid corrosion on the
physical and mechanical properties of full-tailings cemented
backfill. The results show that the compressive strength of
the cemented tailings backfill first increases and then de-
creases after corrosion via acidic solution. Yilmaz et al.
[15, 16] studied the effect of acid hydration on the solidi-
fication and strength of backfill. Felipe-Sotelo et al. [17]
explored the mechanical properties of cement fillings under
alkaline conditions through experiments.

Xu et al. [18] added polypropylene fibre to the backfill to
enhance its mechanical strength, thereby increasing the
stability of the goaf backfill. Koupouli et al. [19] explored the
shear mechanical properties between different additive
fillings and retaining walls through experiments. Yilmaz
et al. [20] studied the effects of three water-reducing agents
on the creep and consolidation characteristics of backfill. Li
et al. [21] conducted a series of experimental studies on the
mechanical properties of fillings containing phosphogypsum
and determined the effect of phosphogypsum on the me-
chanical properties of the fillings. Kesimal et al. [22] added
different doses of additives to filling and performed uniaxial
compressive strength tests to investigate the effects of the
additives on the short-term strength and long-term strength
of the filling. Olivier and Benzaazoua [23] used volcanic ash
and activators to increase the mechanical strength of filling
and reduce the cost of backfill.

Yin et al. [24] conducted an experimental study on the
mechanical properties and creep properties of composites
with different sizes of aggregates. Wang et al. [25] proposed
coal gangue as an aggregate and proposed a kind of self-flow
tube-filling technology for the paste. Ercikdi et al. [26] and
Kesimal et al. [27] considered different sizes of aggregates in
backfill and explored the influence of aggregate thickness on
the mechanical properties of the backfill through experi-
ments. Koohestani et al. [28] tested nanosilica as a filler for
fine aggregates and studied the resulting viscosity and
compressibility of the backfill. Fall et al. [29] studied the
effects of aggregate thickness on the mechanical properties
and microstructure of backfill. Kesimal et al. [30] studied the
optimal particle size distribution of backfill materials. Ke
et al. [31] tested the mechanical properties of different
tailings backfills and explored the influence mechanism on
the quality of the backfill.

Based on these research results, many studies have been
carried out on the strength of cemented backfill and the
deformation characteristics under stress from the four
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FIGURE 4: Change in the goaf groundwater environment and inadequate goaf roof-backfill connection.

aspects of temperature, chemistry (acidity and alkalinity),
additives, and aggregate size (thickness). However, there are
few studies on the creep properties of backfill under long-
term water pressure environments. As related studies, for
example, Luo et al. [32] aimed at sandstone rock slope and
studied the creep characteristics of sandstone under coupled
stress-water pressure. Based on the water pressure envi-
ronment in goaf that may exist a long time, this paper in-
tends to conduct an experimental study on the creep
properties of goaf backfill under different water pressures.

2. Experimental Procedure

2.1. Sample Preparation. The backfill used in the test is
prepared according to a mixing ratio provided in the lit-
erature [33], and the cement strength grade and water-
—cement ratio are shown in Table 1.

The cement, coal ash, and mould used in the test are
shown in Figure 5. The backfill sample mould is 50 mm in
diameter and 100 mm in height, as shown in Figure 6. The
cement and coal ash were mixed according to the mixing
ratio, vibrated, and poured into the mould. A selection of the
28-day-old backfill samples is shown in Figure 7.

2.2. Test Equipment. 'The instrument mainly used in this test
is the YRQ-1000 rock immersion-air-drying cyclic load
rheometer developed by the research group. The entire
process is computer-controlled by the test equipment, for
example, via the automatic control of the water pressure, air-

drying temperature, mixing time, shear rate, constant load,
load measurement, axial deformation, water pressure, and
sample temperature. The equipment can display the rela-
tionship between water pressure, temperature, normal de-
formation, and time in real time and the relationship
between shear load and deformation after the test. The
device can automatically save data, and the test data can be
output in Excel format. The equipment and operation details
are shown in Figure 8.

2.3. Test Equipment. First, the backfill sample is vacuumed
and then immersed in water at room temperature for 48
hours to fully saturate it to simulate that the backfill has been
immersed in water for a long time. The vacuuming device is
shown in Figure 9.

The creep test is loaded by grading loading. Before the
creep test, the instantaneous uniaxial compressive strength
of the saturated backfill was measured to be approximately
8.0 MPa, as shown in Figure 10. Therefore, the first stage load
of the creep test is designed to be 3.0 MPa, and each stage is
increased by 1.0 MPa until damage occurs. The loading
mode is shown in Figure 11, and the creep test grading
loading scheme is shown in Table 2.

The depth of the coal goaf in the study area is 100~290 m.
According to the relevant engineering data and the con-
tinuous rise of the groundwater level within the goaf area,
the designed water pressures are 0 MPa, 0.5 MPa, 1.0 MPa,
1.5 MPa, and 2.0 MPa, respectively, simulating 0 m, 50 m,
100m, 150 m, and 200 m water levels.



TaBLE 1: Cement strength grade and water-cement ratio.

42.50 MPa
Cement strength grade
Water Cement Coal ash
Water—cement ratio 1.00 0.15 0.85
Weight of each material 1kg 0.15kg 0.85kg

FiGUrE 5: The cement, coal ash, and mould.
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FiGURE 6: Mould size.

FIGURE 7: Partial backfill samples.
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3. Testing Results and Analysis

The curves shown in Figure 12 are the strain-time curves of
the saturated backfill sample at 0 MPa, 0.5 MPa, 1.0 MPa,
1.5 MPa, and 2.0 MPa water pressures. The creep curves of
the backfill samples under both axial stress and water
pressure have the following characteristics: (1) the backfill
exhibits obvious transient strain and creep characteristics
under various stress levels. (2) When the stress level is lower
than the yield stress, the backfill sample undergoes only
attenuation creep and steady-state creep. (3) When the stress
level is higher than the yield stress, the backfill sample has
the characteristics of not only attenuation creep and steady-
state creep but also accelerated creep. (4) With the increase
in water pressure, the number of creep loading stages of the
backfill sample decreases, and the corresponding axial stress
decreases when the backfill sample breaks.

4. Analysis of Testing Results

4.1. Analysis of Creep Deformation. The effect of axial stress
and water pressure on the creep deformation characteristics
of the backfill sample was studied. The cumulative total
strain (including transient strain and creep strain) and the
relationship between creep strain and axial stress before the
failure of the backfill sample under different water pressures
are plotted (as shown in Figures 13 and 14).
Figure 13 shows the following:

(1) When the water pressure is constant, the total strain
of the filling body sample increases as the axial stress
increases. As the axial stress increases, the increment
of cumulative total strain increases. Therefore, the
greater the axial stress is, the greater the rate of
change in the strain of the backfill sample.

(2) When the axial stress is constant, the total strain of
the backfill sample increases as the water pressure
increases. As the water pressure increases, the in-
crement of cumulative total strain also increases.
Therefore, the greater the water pressure is, the
greater the rate of change in the strain of the backfill
sample.

Figure 14 shows the following:

(1) When the water pressure is constant, the creep strain
of the fill sample increases with increasing axial
stress. As the axial stress increases, the increment of
creep strain increases, and the creep strain increases
sharply before the sample breaks. Therefore, the
greater the axial stress is, the greater the rate of
change in the creep strain of the backfill sample.

(2) When the axial stress is constant, the creep strain of
the fill sample increases with increasing water
pressure. As the water pressure increases, the in-
crement of creep strain also increases. Therefore, the
greater the water pressure is, the greater the rate of
change in the creep strain of the backfill sample.
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Figure 8: Equipment and operation details. (a) YRQ-1000 rock immersion-air-drying cyclic load rheometer. (b) YRQ-1000 rock im-
mersion-air-drying cyclic load rheometer. (c) Putting the sample into the pressure chamber. (d) Axial loading.

In summary, under the creep test conditions, both the
water pressure and axial stress will affect the creep defor-
mation of the backfill sample. Under the same axial stress
level, the greater the water pressure is, the greater the creep
deformation of the backfill sample. Additionally, at the same
water pressure, the greater the axial stress is, the greater the
creep deformation of the backfill sample.

4.2. Analysis of Creep Rate. The slope of the creep curve for a
given time is the creep rate. The slope of the creep curve can
be obtained by the ratio of the creep deformation increment

to the time difference. By analyzing the data, the creep
rate-time curves corresponding to different water pressures
under the same axial pressure are obtained, as shown in
Figure 15, in which 4.0 MPa of axial stress is taken as an
example.

As shown in Figure 15, water pressure has a significant
effect on the creep rate of the backfill sample. The steady
creep rate of the backfill sample increases with increasing
water pressure, and the time from the decay creep phase to
the steady creep phase of the backfill sample is also pro-
longed. Thus, the water pressure has a certain softening
effect on the backfill sample.



FIGURE 9: Vacuuming device.
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FIGURE 10: Stress—strain curve of uniaxial compression test of
backfill.

By analyzing the test data, the creep rate-time curves
corresponding to different axial pressures at the same water
pressure are obtained, as shown in Figure 16, taking 1.0 MPa
of water pressure as an example.

As shown in Figure 16, axial stress also has a significant
effect on the creep rate of the samples. The creep rate of a
backfill sample also increases with axial stress. When the
axial stress reaches the yield stress of the backfill sample, the
creep rate of the backfill sample increases considerably. After
a short period of steady creep, the backfill sample enters the
accelerated creep stage until the sample is destroyed.

4.3. Analysis of Long-Term Strength. A large number of
laboratory tests and engineering examples show that rock
and rock-like materials will also be damaged by long-term
loads with magnitudes below the peak strength. The strength
decreases with increasing load action time. When the time is
extended, the corresponding load becomes the long-term
strength of the material when the material is destroyed. In
this paper, the isochronous curve method is used to
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FiGure 11: Creep loading method.
TaBLE 2: Creep loading scheme.
Wat Axial stress (MPa)
ater pressure st nd rd th th
(MPa) 1 2 3 4 5
level level level level level
0 3.0 4.0 5.0 6.0 7.0
0.5 3.0 4.0 5.0 6.0 —
1.0 3.0 4.0 5.0 6.0 —
1.5 3.0 4.0 5.0 — —
2.0 3.0 4.0 5.0 — —

determine the long-term strengths of the backfill samples
under different water pressures [34].
Table 3 and Figure 17 show the following:

(1) With the increase in water pressure, the long-term
strength of a backfill sample shows a decreasing
trend, indicating that the increase in water pressure
has a significant deteriorating effect on the me-
chanical properties of the backfill sample.

(2) There is a nonlinear relationship between the long-
term strength of a backfill sample and the water
pressure. This relationship can be accurately fitted by
a quadratic polynomial function:

o=ap’+bp+c, (1)

where ¢ is long-term strength; a, b, and ¢ are coeffi-
cients; and p is water pressure.

The fitting formula can be written as

0 =0.34p> — 1.71p + 6.76. (2)

As the water pressure increases from 1.5MPa to
2.0MPa, the decrease in long-term strength
decreases.

(3) The long-term strengths of the backfill samples at
0MPa, 0.5MPa, 1.0 MPa, 1.5MPa, and 2.0 MPa
water pressures are 6.71 MPa, 6.12 MPa, 5.31 MPa,
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FIGURE 12: Creep test strain—time curve of backfill under different water pressures. (a) 0 MPa water pressure. (b) 0.5 MPa water pressure. (c)
1.0 MPa water pressure. (d) 1.5 MPa water pressure. (e) 2.0 MPa water pressure.

4.93 MPa, and 4.72 MPa, respectively. The degra-
dation ratios are 0%, 8.8%, 20.9%, 26.5%, and 29.6%,
respectively. As the water pressure increases, the
degree of deterioration of the filling body increases
continuously, but the rate of deterioration gradually
decreases. It can be inferred that when the water
pressure increases to a certain magnitude, the long-

term strength of the backfill sample will approach a
certain magnitude.

4.4. Analysis of Destructive Features. The failure mode dia-
grams and crack drawings of the backfill samples under
different water pressures are shown in Figure 18.
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Figure 18 shows the similarities and differences among
the failure modes of the backfill samples under different
water pressures:

(1) From the overall failure mode of the backfill sample,
the creep failure characteristics of the backfill sample

Creep rate (1074/h)
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FIGURe 16: The creep rate under different axial pressures and
1.0 MPa water pressure.

under different water pressures show obvious shear
failure characteristics. The cracks basically initiate at
one end face of the backfill sample and propagate to
the other end face. When the backfill sample is
broken, one or two interconnected shear faces are
observed.

(2) When the water pressure is 0 MPa, the number of

cracks observed after the sample is destroyed is small.
When the water pressure is 0.5 MPa, the number of
cracks observed after the sample is damaged is
higher, and some main cracks exhibit obvious bi-
furcation. When the water pressure is 1.0 MPa, the
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TaBLE 3: Long-term strengths under different water pressures.

Water pressure (MPa)

Long-term strength (MPa)

Degradation ratio (%)

0

0.5
1.0
1.5
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5.31
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4.72
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g Equation y=a"'x"2+b"x+c
I Adj. R-square 0.98069
§ 4.0 H Value Standard error
a 0.34 0.1234
b -1.714 0.25926
c 6.762 0.10943
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—— Fitcurve 1
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FIGURe 17: Relationship between long-term strength and water pressure.

main crack bifurcation phenomenon becomes in-
creasingly obvious. When the water pressure is
1.5 MPa, the main crack not only branches but also
generates secondary cracks. When the water pressure
is 2.0 MPa, one main crack generates more secondary
cracks than the main crack under a water pressure of
1.5 MPa generates.

In general, under the action of low water pressure, the
shape of the main crack is relatively simple when the backfill
sample is broken, and fewer secondary cracks form. How-
ever, under the action of higher water pressure, the main
crack is accompanied by a certain number of secondary
cracks when the fill sample is broken. This difference is
mainly due to the increase in water pressure, which causes
the microcracks in the backfill sample to expand inward. At
the same time, under the axial load, these microcracks are
subjected to compression and shearing, and stress con-
centrations are generated at the crack tips.

5. Discussion of the Effect of Water Pressure and
Axial Stress on a Sample

A backfill sample is affected by water pressure and axial
pressure, under which the long-term strength of the sample
is continuously degraded.

There are two main reasons for this change in strength.
(1) The pore water pressure in a saturated backfill sample will
increase from the surface to the interior. During this process,
the pore water pressure inside the sample increases as the
external water pressure increases. The tensile stress at the tip
of a microcrack is sharply increased, causing the microcrack
to expand inward (as shown in Figure 19) and causing the
mechanical properties of the fill sample to deteriorate to
different degrees. (2) The increase in axial stress also causes a
stress concentration (tensile stress or shear stress or com-
pressive stress) to form at the tip of the microcrack, which
accelerates the expansion of microcracks in the fill sample
(as shown in Figure 20). The new cracks continue to expand
under the action of the water pressure and axial stress, which
turther deteriorates the mechanical properties of the backfill
sample. Therefore, during the test, the creep deformation of
fill samples is more obvious under the action of higher water
pressures and higher axial stresses.

In addition, when the water pressure is constant, as the
axial pressure increases, the rate of steady-state creep in-
creases but the time of steady-state creep stage becomes
shorter, while the rate of decay creep increases but the time of
decay creep stage becomes longer. When the axial pressure is
constant, as the water pressure increases, the rate of steady-
state creep increases and the time of steady-state creep stage
becomes shorter, while the rate of decay creep increases but
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FiGure 18: Failure mode of backfill samples under different water pressures. (a) 0 MPa water pressure. (b) 0.5 MPa water pressure. (c)
1.0 MPa water pressure. (d) 1.5 MPa water pressure. (e) 2.0 MPa water pressure.

the time of decay creep stage becomes longer. This shows that ~ inside the sample is increasing, which leads to the increase of
the sample is damaged in the process of increasing water  the rate in the creep stage and finally shows the phenomenon
pressure and axial pressure, and the number of microcracks  that the long-term strength of the sample decreases.
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6. Conclusions

In this paper, creep testing of goaf backfill under the
combined action of water pressure and stress is carried out,
and the following conclusions are obtained:

(1) Under the same axial stress, the increase in water
pressure increases the creep strain and initial creep
rate of a backfill sample, prolongs the duration of
decay creep to steady creep, and increases the steady
creep rate. Similarly, under the same water pressure,
the increase in axial stress also increases the creep
strain and initial creep rate of a backfill sample,
prolongs the duration of decay creep to steady creep,
and increases the steady creep rate.

(2) As the water pressure increases, the long-term
strength of a backfill sample gradually decreases, and
as the water pressure increases to 1.5 MPa, the long-
term strength reduction decreases. This result in-
dicates that the increase in water pressure degrades
the mechanical properties of the backfill sample,
causing the backfill sample to enter the yield stage

approach a certain value with increasing water
pressure.

(3) The increase in water pressure exacerbates the de-
velopment of cracks during failure of the fill sample.
As the water pressure increases, the damage caused
by the water pressure inside the backfill sample also
accumulates, causing the internal microcracks to
expand. Under the action of axial stress, the sec-
ondary cracks increase significantly during the
failure of the backfill.

(4) Most coal mines contain sulfur, phosphorus, and
other elements. Therefore, in addition to water
pressure and axial pressure of goaf roof, the pH value
of water should also be considered. Long-term im-
mersion of backfill body in acidic water solution will
also accelerate the deterioration of its long-term
strength. In the later research, the creep character-
istics of backfill under the combined action of dif-
ferent pH values and axial pressure of water press
will be considered.

earlier. However, the influence of the water pressure ~ Data Availability

on the long-term strength of a fill sample is limited.
The long-term strength of a fill sample will gradually

The data used to support the findings of this study may be
released upon application to the China Three Gorges
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University Review Board, which can be done by contacting
Jingyu Zhang (zjy7268@sina.com).
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