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The understanding of solute transport in rock fractures is of great importance in many engineering fields. In this study, two
groups of experiments on artificial and natural single fractures with different fracture apertures and roughness were conducted
to investigate the changes of solute transport regimes. The time fractional advection–dispersion equation (tFADE) as a
promising model was applied to describe the anomalous transport. The performance of the classical advection-dispersion
equation (ADE) and tFADE was compared according to the fitting precision of breakthrough curves (BTCs). The responses of
the fitting parameters in the tFADE to the experimental conditions were also discussed. The results indicated that the non-
Fickian transport more likely occurred in the short distance transport, and the larger Peclet number (Pe) led to the increase of
the exponent of the power-law function in the phase of concentration decline. The tFADE was superior to ADE in capturing
the non-Fickian transport especially the tailing behavior. The fractional order of time α in the tFADE was the key parameter to
describe the anomalous transport process, and its responding mechanisms of were revealed: the best-fit α decreased with the
increase of flow velocity and the decrease of the fracture aperture. The roughness of the single fracture which leads to a
complex flow field had a significant effect on the best-fit α. The findings of this study can help for better understanding the
effectiveness and physical significance of the tFADE.

1. Introduction

Solute transport in fractured rocks is of great significance
to the underground engineering such as tunnel excavation,
shale gas development, and CO2 geological storage. Due to
the variable geometry and hydraulic conditions in the geo-
logical environment, the accurate quantitative prediction of
solute transport in the fracture is an important research
with great challenges [1, 2].

In order to predict the solute transport process in frac-
tured media, mathematical models have been developed

and applied in the laboratory investigation and numerical
simulation [3–5]. The acknowledged advection–dispersion
equation (ADE), derived from Fick’s law, has been used
to describe solute transport in fractures for years [6].
However, many laboratory researches claimed that
medium heterogeneity deeply affects the transport of sol-
ute in the fracture, resulting in the limitation of the
ADE model in describing the early arrival or tailing
behavior which is typical non-Fickian behavior [7–9]. In
single fractures, the geometry structure of walls and iner-
tial effects of flow are mainly considered as the causes of
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the non-Fickian phenomena [10, 11]. That is, the rougher
fracture and higher velocity of the flow lead to the differ-
entiation of the main flow paths and recirculation zones
which affect the transport process deeply and cause the
failures of the ADE (Figure 1) [12, 13]. Moreover, non-
Fickian phenomena are common in nature [14]. Thus,
quantitative capture of non-Fickian phenomenon at a
laboratory scale contributes to the study of solute trans-
port in a natural scale [15].

To improve the precision accuracy of pollutant trans-
port and capture the non-Fickian transport, several math-
ematical approaches have been developed [16, 17]. Based
on a transition rate approach, continuous time random
walk (CTRW) which includes the Fokker-Panck equation
with a memory equation has been widely used to capture
solute transport in both the fracture system and heteroge-
neous porous media [18, 19]. Nowamooz et al. [20] inter-
preted the tracer transport in the original fractures with
the equivalent-stratified model and the continuous time
random walk (CTRW) and analyzed the advantages and
disadvantages of the two models. Though CTRW can cap-
ture the transport process well, the physical relationship
between the transport velocity and the average fluid veloc-
ity is not clear enough and the parameters of CTRW are
relatively more than those of other models which result
in the difficulty in simulation. Improved on the ADE,
several mathematical approaches can also capture the sol-
ute transport process with a certain degree of accuracy like
the mobile-immobile (MIM) model and fractional
advection-dispersion equation (FADE) [21, 22]. Qian
et al. [23] used the single-rate MIM model, ADE, and
advection–dispersion equation with retardation (ADE-R)
to fit the sodium chloride transport in the filled fracture
and test the precision of the MIM. The results showed that
MIM can capture the anomalous transport process well
including early arrival and tailing behaviors. The
equivalent-stratified method can quantify the degree of
fracture heterogeneity, but the goodness of fit for the sol-
ute transport process of short-distance transportation is
low. By adding a fractional-order operator to time in the
traditional ADE, the time fractional advection-dispersion
equation (tFADE) can describe the solute remaining in
an immobile domain [24, 25]. Hence, the tFADE has the
potential to describe the tailing behavior caused by the
geometry structure of the single fracture. On the other
hand, the spatial fractional advection-dispersion equation
(sFADE) has been used in describing solute transport for
many years which can describe the solute transport at dif-
ferent transport distances [3, 4, 9]. Benson et al. [26]
regarded FADE as a predictive tool with certain precision
by fitting the transport in a relatively homogeneous sand-
box. Huang et al. [27] simulated the atrazine transport in
a sand column by numerical approach and found that the
FADE can capture well the non-Fickian transport espe-
cially the tailing behaviors. Hence, the FADE is a promis-
ing approach to describe the solute transport process in
the fracture system with a complex interference factor.
However, the physical significance of the fractional order
is still unclear.

In summary, the capture of non-Fickian transport still
remains to be further researched. The effectiveness of the
FADE to the simulated solute transport process under dif-
ferent conditions at the laboratory scale needs to be
proved. Researches on the physical significance and influ-
ence factors of the parameters in the FADE are necessary.
Hence, systematical studies of the FADE for describing the
solute transport in a single fracture are still a requisite
[28]. It can provide strong theoretical support for the
wider application of the FADE.

This study is aimed at analyzing the cause of the non-
Fickian transport process in single fractures, testing the fit-
ting precision of the tFADE under different experimental
conditions, and investigating the effect of the flow rate,
fracture aperture, and roughness in granite fractures and
plexiglass fractures on the parameters of the tFADE.

The research steps are organized as follows. First, the
theoretical background of solute transport is introduced
in Section 2. Then, 2 groups of solute transport experi-
ments are performed in Section 3. Third, the experimental
results and fitting results with ADE and tFADE are
described, as well as the comparison of the fitting of the
two models and discussion of the influence of experimen-
tal conditions on the fitting accuracy and the parameters
of the tFADE. Finally, the conclusion and limitation of
this study are summarized in Section 5.

2. Theoretical Background of Solute Transport

The fractional operator has been developed in many fields
for years [29]. Mehdinejadiani and Fathi [30] simulated
water table profiles using the space fractional Boussinesq
equation. Jafari et al. [31] developed a fractional Glover-
Dumm equation to simulate the groundwater flow under
heterogeneous unconfined aquifers. The fractional-
derivative operator of the FADE can be used to describe
anomalous diffusion for its nonlocality [32]. Many studies
have shown that the FADE can describe the abnormal
transport of particles [4, 33, 34]. The time fractional
advection-dispersion equation (tFADE) is an upgrade
based on the ADE by replacing a fractional derivative
from 0 to 1 to the first time derivative, arising from the
power law of the time distribution of particles [35, 36].
The basic form of the tFADE is as follow:

∂αC x, tð Þ
∂tα

= −V
∂C x, tð Þ

∂x
+D

∂2C x, tð Þ
∂x2

, ð1Þ

where C is the concentration of the solute (mol/L), D is
the dispersion coefficient (m2/s), V is the advective veloc-
ity (m/s), t is the time (s), x is the spatial coordinate of
the solute along the direction of flow (m), and α (dimen-
sionless) is the order of fractional differentiation. The
smaller value of α explains the more remarkable solute
retention in the fracture. In addition, when the α value
is 1, the tFADE recedes to the ADE. The dispersion coef-
ficient D in the tFADE is different from that in the ADE,
because the fractional operator describes the partially local
velocity rather than the mean velocity.
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The numerical solutions of equation (2) are obtained
by finite difference approximation, and the initial and
the boundary conditions of solute transport are shown
as follows:

C x, tð Þjt=0 = 0 x > 0,

C x, tð Þjx=0 =
C0 0 ≤ t ≤ t0ð Þ,
0 t0 ≤ t≤+∞ð Þ,

(

lim
x⟶+∞

C x, tð Þ = 0,

ð2Þ

where t0 represents the duration of solution injection and
C0 represents the injected concentration and, in this
study, C0 is set to 1 for the normalized concentration.

To evaluate the fitting accuracy of the tFADE, the coeffi-
cient of determination (r2) and root mean square error
(RMSE) were calculated. The coefficient of determination r2

can express the goodness of fit by calculating the proportion
of variability in the dependent variable that can be explained
in the FADE, and the range of r2 is from 0 to 1. RMSE is a
non-negative number which reflects the measure of dispersion
of an observation [37]. It should be mentioned that the
normalized concentration is used in this study, so both param-
eters are dimensionless. In the experiments, the closer r2 near
to 1 and the smaller RMSE represent the better fitting result.
The mathematical expressions of r2 and RMSE are as follows:

r2 = 1 −
∑N

i=1 Cio − Cieð Þ2
∑N

i=1 Cio − �Cio

� �2 ,

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
〠
N

i=1
Cio − Cieð Þ2

vuut ,

ð3Þ

in which Cio is the observed concentration, �Cio is the average
value of the observed concentration, and Cie is the simulated
concentration.

In this study, two important dimensionless numbers are
used. The Reynolds number (Re) is a classic quantity to
describe the ratio of inertial effect to viscous effects on the
field flow, and the Peclet number (Pe) is defined as the ratio
of the convection, and the diffusion can be used to describe
the importance of convective flux. The larger Pe indicates
the more significant convective transport [38]. The compu-
tational expressions are shown as follows:

Re =
ρvd
μ

, ð4Þ

Pe =
vd
Dm

, ð5Þ

where ρ is the fluid density (1 × 103 kg/m3), v is the average
flow velocity, d is the apparent fracture aperture, μ is the
dynamic fluid viscosity (1:01 × 10−3 Pa·s), and Dm is the
molecular diffusion coefficient.

The residence-time distributions (RTDs), effective met-
ric for evaluate the features of non-Fickian transport, are
developed by the nonlocal dispersion theory [39, 40]. In this
study, RTDs were calculated for the solute transport in the
granite fracture and plexiglass fracture to examine the fea-
tures of tailing behavior. RTDs were derived from the time
derivative of BTCs of the step injection for its resident con-
centration time series, and the residence time distribution
can be expressed as follows [41]:

R tð Þ = dcs
dt ′

, ð6Þ

(a)

(b)

(c)
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Figure 1: Schematic of the tailing behavior caused by roughness of single fractures. (a) A partition chart for the flow in the single fracture
[12]. (b) A microscopic picture of particle flow in the fracture [13]. (c) A breakthrough curved in which the tailing behavior can be noticed
and ADE fails to capture the transport process.
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t ′ = Qt
V f

, ð7Þ

where t ′ is a dimensionless time called pore volume, Q is the
flow rat e(cm3/s), and V f is the volume of the fracture (cm3).
It should be noted that a single instantaneous injection was
simulated in our study and the BTCs can be converted from
the single instantaneous injection to the step injection [42].

dCs

dt ′
= Cp, ð8Þ

where the Cs and Cp represent the concentration obtained in
response to the step injection and pulse injection, respec-
tively. According to equation (8), equation (9) can be trans-
formed into

Effluent
capture Flowmeter

Sampling

Hydraulic access

Constant head
tank

Peristaltic
pump

Constant head
tank

Storage
tank

Discharge

ΔH

Flow distribution
chamber

Flow direction

Figure 2: Experimental setup for the BBF transport in a single plexiglass fracture.

Table 1: Summary of experimental parameters.

Experiment Pattern Width (cm) Length (cm) Mechanical aperture (mm) Relative roughness

Group 1

Pattern 1 12 59

1.71 0.09

1.71 0.09

1.71 0.09

2.60 0.1

2.60 0.1

2.60 0.1

Pattern 2 13 69

2 0.34

2 0.34

2 0.34

3 0.23

3 0.23

3 0.23

Group 2

Pattern 1

60 15

4 1

5 0.8

6 0.67

4 1

5 0.8

6 0.67

Pattern 2

2 0

3 0

4 0

2 0

3 0

4 0
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dCs

dt
=

Q
V f

Cp: ð9Þ

3. Experimental Apparatus and Procedure

3.1. Experimental Apparatus. In this study, two groups of
experiments in a single fracture under different experi-
mental conditions were conducted and each group
involved two patterns.

The schematic diagram of the laboratory setup are
shown in Figure 2. Three main parts including a recharge
flume, a discharge flume, and a single fracture are assem-
bled in group 1. Both the recharge flume and the dis-
charge flume consist of a water pipe for the control
device and an overflow launder. Three hydraulic gradients
for each pattern in group 1 are designed by adjusting the
height of the recharge flume with the constant position
of the discharge flume. The steady flow rates are calculated
by a chronograph and a measuring cylinder after the water
head is stable. Sampling analyses are taken at certain inter-
vals to monitor the change of solute concentration. Each
experiment was repeated three times.

Brilliant blue FCF (BBF), an ionic molecule, was used
in several solute transport experiments as a conservative
tracer recently for its nontoxicity, mobility, and low
adsorption [43–45]. To measure the concentration of
BBF in the fracture, the standard curve is calculated by
configuring a series of concentrations of BBF solutions
and measuring the absorbance. The value of absorbance

of the sample is measured at 630nm by a spectrophotom-
eter SP-754 (Shanghai Precision and Scientific Instrument)
in group 1 and 752N (Shanghai Precision & Scientific
Instrument Co. Ltd., China) in group 2.

Two patterns of fractures were contained in group 1.
The natural and rough fracture was made up of two gran-
ite plates 59 cm long and 12 cm wide. The average aperture
of the natural fracture is calculated by measuring the
width of 110 points with a vernier caliper because of
unobvious depressions, and projections are present on
the granite plate, and the apertures of 1.71 and 2.60mm
are set. Another pattern is made up of two parallel plexi-
glass plates, which were 69 cm long, 13 cm wide, and
1 cm thick. 1 of which is smooth, and the other is rough,
evenly inlaid with 1 cm × 1 cm × 0.3 cm blockages spaced
1 cm apart to improve roughness. The fracture aperture
was adjustable, and three sets of planes were made to
obtain different fracture apertures with 2 and 3mm. The
sampling point was set at the end of the fracture.

Group 2 consists of a peristaltic pump, a single fracture,
and a discharge flume. A flow distribution device was pro-
vided at the entrance of the fracture. A peristaltic pump
was set as 55 and 100 rpm before each experiment of group
2. The hydraulic gradient was made constant by the overflow
flume in every single experimental process. The sampling
point was set at the center point of the fracture. The cross-
section of the fracture was narrow, and the ratio of the
length to the width of the fractures was large both in groups
1 and 2. Hence, vertical flow can be neglected and the one-
dimensional transport was considered in this study.

The device is leakproof? 

Step 2: prevent water leakage and stabilize the
 physical model and fill the experimental device 

with pure water to displace air. 

Step 4: Release a pulse of BBF solution and 
sampling at the sampling point for measuring the

concentration. 

Step 5: Adjust the parameters of ADE and tFADE 
to simulate the transport process and

analysis the errors of the models. 

Errors and best-fitted
paramters of the models

Yes

No

Step 1: assemble a single fracture and
experimental installations.

Step 3: Set the height of the discharge flume and
measure the flow rate when the flow is stabilized.

Figure 3: Flowchart for measuring errors and best-fit parameters of ADE and tFADE.
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Three smooth fractures with average apertures of 2, 3,
and 4mm were prepared by mounting two plexiglass
plates horizontally. Each plate was set to be 60 cm long,
15 cm wide, and 1 cm thick. The single rough fracture
was composed of a smooth plate and a rough plate formed
by cutting a slot with 4mm wide and 4mm deep spaced
every 4mm on the side of the plexiglass plate. The space
between the two plates is the same as that of the smooth
fracture but the average apertures of rough fractures were
4, 5, and 6mm.

In group 1, pattern 1 represents the granite fracture and
pattern 2 represents the plexiglass fracture. And in group 2,
pattern 1 represents the rough fracture and pattern 2 repre-
sents the fracture with a smooth surface. The summary of
experimental models parameters can be seen in Table 1.

3.2. Experimental Procedure. The tracer experiments and
simulations included the following steps which can also
be seen briefly in Figure 3. The experimental apparatus
was installed to ensure a watertight seal according to the
design. The glass cement was used to prevent water leak-
age and stabilize the physical model. Water was continu-
ously pumped into the fracture, and ensure that the air
was expelled completely. The height of the recharge flume
was adjusted by maintaining the height of the discharge
flume to control the hydraulic head before injecting the
BBF solution in group 1. When the flow rate stabilized,

the BBF solution was injected through the injection
syringe in an instant pulse while the chronograph begins
to count. 5ml of BBF solution with the concentration of
0.1 g/l was injected every single experiment. In group 2,
the speed of the peristaltic pump was adjusted before add-
ing the BBF solution and the dosage and concentration of
the BBF solution were 2ml and 0.15 g/l every time. Sam-
ples were taken at sampling points regularly till the BBF
solution passed through the device completely. Each sam-
pling volume was 3ml to minimize quality loss effect, and
the absorbance was determined to obtain the concentra-
tion. After each test, the plates were detached from the
fracture and rinsed thoroughly with water. ADE and
tFADE were conducted to simulate the transport process
by adjusting the parameters of the models till the accuracy
could not be improved.

4. Results and Discussion

4.1. Flow Fields and Transport Processes in the Single
Fractures. The flow fields can deeply affect advection and
mechanical dispersion. To quantify the flow regime and
transport pattern, Re and Pe are calculated by equations
(4) and (5) and listed in Table 2. Noted that the Dm for
BBF is set as 6 × 10−6 cm2/s according to Kone et al.
[46]. The flow regime in this study is considered as the
laminar flow because Re ranged from 5.0 to 11.6 which

Table 2: Values of the Re and Pe versus Darcy’s velocity (V) with different fracture patterns.

Experiment Pattern Number Q (ml/s) V (mm/s) Re Pe

Group 1

Pattern 1

1 0.6 2.924 5.0 8333

2 1 4.873 8.3 13888

3 1.4 6.823 11.6 19446

4 0.6 1.923 5.0 8333

5 1 3.205 8.3 13888

6 1.4 4.487 11.6 19444

Pattern 2

1 0.6 2.308 4.6 7693

2 1 3.846 7.6 12820

3 1.4 5.385 10.7 17950

4 0.6 1.538 4.6 7690

5 1 2.564 7.6 12820

6 1.4 3.590 10.7 17950

Group 2

Pattern 1

1 0.825 1.375 5.5 9167

2 0.825 1.1 5.5 9167

3 0.825 0.917 5.5 9170

4 1.5 2.5 10 16667

5 1.5 2 10 16667

6 1.5 1.67 10 16700

Pattern 2

1 0.825 2.75 5.5 9167

2 0.825 1.83 5.49 9150

3 0.825 1.375 5.5 9167

4 1.5 5 10 16667

5 1.5 3.33 10 16650

6 1.5 2.5 10 16667
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is obviously less than 100 [47]. The Pe for the experiments
ranges from 7693 to 19446 which are over 4000, indicating
that molecular diffusion and transverse dispersion in the
laboratory experiments can be negligible, and advection
and mechanical dispersion in the flow direction made
the main contribution [18, 48, 49].

To analyze the transport processes of the solute, the
RTDs are calculated under different Pe as equation (6).
Figure 4 shows the RTDs for BBF transport in the granite
fracture with the aperture of 1.71mm (Figure 4(a)) and the
RTDs for that in the smooth fracture with the aperture of
2mm (Figure 4(b)).

When the solute transport follows Fick’s law, the BTC
should present Gaussian distribution and the corresponding
RTD will tend to be symmetric as shown in Figure 4(a). On
the contrary, the tailing behaviors can be observed as the
power-law drop in the RTDs if the non-Fickian transport
occurs as shown in Figure 4(b).

If the solute transport process follows Fick’s law, the
value of RTD after the peak will drop sharply rather than
following the power law. To evaluate the degree of tailing
behavior, the RTD value after the peak is fitted with power
function of time and the r2 is calculated. As seen in
Figure 4(a), the three RTDs all present nearly inverted

Re = 5.0, Pe = 8333
Re = 8.3, Pe = 13888
Re = 11.6, Pe = 19446
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Figure 4: The corresponding RTDs for the single fracture in pattern 1 of group 1 (a) and pattern 1 of group 2 (b) with different Pe.
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Figure 5: Fitting BTCs for the BBF transport using tFADE and ADE in the granite fracture with flow velocities.
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“U”-shaped curves indicating that the RTDs follow Gauss-
ian distribution and the power-law tailing behavior does
not happen. With the increase of Re and Pe, the r2 of
the power-law function increases. It indicates that the
transport pattern is changing into non-Fickian transport.
Fitting results with power function in Figure 4(b) show
the obvious power-law decay of RTDs. The larger Re
and Pe, controlled by adjusting the flow velocity, lead to
the larger fitted exponent increase which indicates the
heavier tail. This phenomenon is consistent with the study
of Dou et al. [50]. The increasing exponents may be due
to the growth of the recirculation zones and eddy which
lead to multirate exchange processes with the increasing
Re [13]. The increase of Re and Pe will lead to the hetero-
geneity of the flow field, thus affecting the migration of
solute and making the tailing behavior more obvious.

The convection plays a dominant role in the transport
process in this study, which is controlled by the velocity
field. It has been revealed that the RTDs tend to be more
symmetric and follow a Gaussian distribution with the
increase of travel distance which leads to the scaling effect
[37, 48]. The traveling distance and the structure of the
velocity field may be the main cause which leads to the
difference of BTCs in the two groups of experiments. It
should be mentioned that time is taken as the x-coordi-
nate instead of the analyzed pore volume because the sam-
pling method is used to measure the concentration of BBF
in this study and the early arrival behavior was hard to be
observed accurately. The tailing behavior as the typical
characteristic of the subdiffusion was mainly discussed in
this paper.

4.2. Model Comparison in the Weak Non-Fickian Transport
Case. In order to evaluate the precision of the tFADE,
the ADE and the tFADE are employed to fit the measured
BTCs of BBF transport. Figure 5 shows the measured and
fitted BTCs in group 1. To better observe the capacity of
capturing the tailing behavior of the tFADE, logarithmic
coordinates are set. A more gradual drop can be noticed
in the BTC fitted by the tFADE than those fitted by the
ADE. The relatively slow drop is controlled by the
fractional-order α. The declining α delays the arrival of
the peak at the same time. In the case of Fickian transport,
the advantages of the tFADE are not obvious.

The associated values of RMSE and r2 for the ADE and
the tFADE are summarized in Table 3. The coefficient r2

value is greater than 0.9, and RMSE is less than 0.1, illustrat-
ing the satisfactory precision of both the tFADE and the

ADE in fitting BBF transport. The fitting errors of the
tFADE are close to those of the ADE.

4.3. Model Comparison in the Anomalous Transport Case. To
compare the performance of the tFADE in capturing the
BBF transport in a single smooth or rough fracture, the
BTCs for transport are fitted by the two models. The fitted
BTCs for the fracture with an average aperture of 4mm
are shown in Figure 6, and the log charts are shown in
the inserts. Tailing behaviors can be observed in the BTCs,
and a more obvious phenomenon can be found in the
rough fracture. The roughness elements enhance the retar-
dation of BBF transport, which leads to subdiffusion. The
difference between the fitting results of the tFADE and
ADE is obvious. Though the ADE can capture the peak
of the measured BTCs approximately, it cannot be used
to capture the latter half of BTCs. In contrast, the tFADE
can capture the trends of the measured BTCs overall and
the tailing behaviors can be accurately described.

Besides the global error, the errors of the measured
BTC are also calculated after the peak value using the
two models. As shown in Table 4, the tFADE is more
effective than the ADE in the rough fractures by compar-
ing the r2 and RMSE values. The tFADE is a precise
model to capture solute transport in the fracture when
non-Fickian transport happens especially in the fracture
with complex morphology. Comparing the error in the
phase of concentration decline, the precision of the tFADE
is obviously improved for the rough fracture, which indi-
cates the advantage of the tFADE in capturing the tailing
behaviors.

The errors of the tFADE and ADE in the experiments
of group 2 are presented in Figure 7. The circular and
square markers represented the errors for the rough and
smooth case, respectively. The dotted line is drawn as a
reference for the accuracy comparison between the two
models. Most of the points are distributed in the upper left
part in the dotted line, indicating that the fitting accuracy
of the tFADE is better than that of the ADE. As shown in
Figure 7, the circular markers distribute on the left of the
square markers indicating that the superiority of the
tFADE is more obvious in capturing the transport process
in the rough fracture. The subplot of Figure 7 presents
RMSE comparison between the two models, and a similar
phenomenon can be summarized as the major. The rough-
ness elements affect the BBF transport by causing recircu-
lation zones which enhance the heterogeneity of the flow
field dictating the mass transfer [12, 51, 52]. The fractional
operator has obvious advantages in capturing BBF trans-
port in heterogeneous flow fields in the single fracture.

4.4. Fitting Parameters of the tFADE. The responses of fitting
parameters of the tFADE to experimental conditions are
summarized in Table 5. V1 is the measured average flow
velocity. V2 is the best-fit flow velocity, and D is the diffusion
coefficient. In Table 5, V2 is much less than V1 in both two
groups of experiments. It should be noted that V1 there rep-
resents the average flow velocity and the transport velocity of
the BBF can be affected by the local velocity variability which

Table 3: Model errors for the BBF transport in the granite fracture
with 2.60mm aperture.

Model ADE tFADE
Velocity (mm/s) r2 RMSE r2 RMSE

1.923 0.915 0.094 0.964 0.058

3.205 0.961 0.067 0.969 0.055

4.487 0.967 0.064 0.976 0.050
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may be caused by fracture heterogeneity [53]. It may be the
reason for the deviation of V2 and V1. With the increase of
measured flow velocity, V2 also presents an increasing trend.
As the pattern two of group 2 shown in Table 6, V2
decreases with the increase of average aperture which results
in the decreasing flow velocity with the increasing mean
aperture. It indicates that V2 decreases with the increasing

aperture in the smooth single fracture. The same trend can
be found in the rough fracture. It is because the flow rate
is constant in each experiment of group 2. The increasing
aperture causes a wider flow section which leads to the
decrease of flow velocity.

Dispersion coefficient (D), as a physical parameter to
consider the heterogeneity of the fracture, is affected by the
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Figure 6: Fitting BTCs for the BBF transport using tFADE and ADE in the rough fracture (a, b) and the smooth fracture (c, d) with the
average aperture of 4mm.

Table 4: Model errors for the BBF transport in the plexiglass fracture with average aperture of 2mm.

Model ADE tFADE
Velocity (mm/s) △/e r2 RMSE r2tail RMSEtail r2 RMSE r2tail RMSEtail

1.375 1 0.855 0.137 0.866 0.142 0.967 0.051 0.972 0.054

2.5 1 0.758 0.154 0.786 0.161 0.984 0.035 0.984 0.037

2.75 0 0.949 0.768 0.952 0.077 0.956 0.066 0.993 0.026

5 0 0.925 0.080 0.934 0.080 0.917 0.078 0.995 0.019
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hydraulic aperture in the previous studies. However, the var-
iation in this study was negligible (Tables 5 and 6). This is
because D is much lower than the flow velocity, and Pe in
our experiments is over 4 × 103 in which case the transverse
dispersion is negligible [8, 23]. Thus, it can be considered as
a constant value for every single group of experiments.

The value of the fractional derivative order (α) is an
important parameter to describe the anomalous diffusion.
In Table 5, α is insensitive to the variation of the measured
flow velocity in both the granite and the plexiglass fractures
in the range of 0.898 to 0.930. The inconspicuous range of
the order indicated the unremarkable variation of the solute
retention time. This is because the increasing Re is the cause
of the growth of recirculation zones while the Re was small
in these experiments [54]. In addition, the geometry struc-
ture of the fracture also affects the streamline and leads to

the anomalous transport. As seen in pattern two of group
1, the value of α decreased with the increase of the flow
velocity which indicated the longer retention time of solute
transport with the enhancing of the heterogeneity of the flow
field.

The aperture is another factor affecting the value of α. As
seen in Table 6, the value of α increased with the average
aperture in pattern 2 of group 2, while the trend is not obvi-
ous in the pattern 1. It should be noted that the roughness of
the fracture in pattern 2 is constant with the increase of the
average aperture, while it decreases in pattern 1. When the
aperture of the fractures increased, heterogeneity of the flow
field attenuates and anomalous transport tends to approxi-
mate normal transport. The roughness of fractures contrib-
utes to secondary flows in the flow field such as eddies
which partly interferes with the solute transport process
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Figure 7: Scatter diagram of r2 and RMSE for the tFADE and ADE in the group 2.

Table 5: Fitting parameters by the tFADE in the experiments of group 1.

Pattern e (mm) △/e V1 (mm/s) V2 (mm/sα) D (10−4m2/sα) α r2 RMSE

Pattern 1

1.71 0.09 2.924 0.128 1 0.924 0.9853 0.0385

1.71 0.09 4.873 0.151 1 0.920 0.9794 0.0473

1.71 0.09 6.823 0.220 1 0.916 0.9231 0.0961

2.60 0.1 1.923 0.137 1 0.930 0.9636 0.0582

2.60 0.1 3.205 0.170 1 0.925 0.9692 0.0547

2.60 0.1 4.487 0.247 1 0.898 0.9756 0.0503

Pattern 2

2 0.34 2.308 0.092 1 0.949 0.9650 0.0600

2 0.34 3.846 0.149 1 0.947 0.9695 0.0548

2 0.34 5.385 0.274 1 0.930 0.9789 0.0480

3 0.23 1.538 0.110 1 0.968 0.9590 0.0586

3 0.23 2.564 0.167 1 0.947 0.9804 0.0416

3 0.23 3.590 0.311 1 0.889 0.9815 0.0410
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[13, 55]. Hence, comparing to α in the smooth case, the
value of α in the rough fracture in the same average aperture
is relatively smaller overall indicating the complex transport
process. The roughness elements were set with sharp corners
in this work which caused resistance to flow and generated
eddies to affect the transport process heavily [56].

5. Summary and Conclusions

In this work, two groups of experiments on BBF transport
with different fracture media, relative roughness, flow rates,
and fracture apertures were conducted. The potential cause
of anomalous transport case was discussed briefly. The clas-
sical ADE and the tFADE were applied to capture the mea-
sured breakthrough curves (BTCs), and both Fickian and
non-Fickian transports were conducted to evaluate the per-
formance of the tFADE. The response of the fitting parame-
ters and fitting errors of the tFADE was qualitatively
analyzed. The main findings drawn from the experimental
and fitting results are summarized as follows:

(1) The experimental results showed that the more obvi-
ous tailing behavior occurred under the relatively
short solute transport distance. Relatively larger Pe
enhanced the non-Fickian effect, and the measured
RTDs demonstrated a notable power-law drop

(2) The fitting results show that when non-Fickian
transport is inconspicuous, both the ADE and
tFADE can capture the transport process with satis-
factory precision. However, when tailing behaviors
which represent the non-Fickian transport occur,
the classical ADE fails to capture the transport pro-
cess while the tFADE can describe it well, especially
in the reduction stage after the peak

(3) An analysis of the physical meaning and response of
the parameters of the tFADE indicates that the best-
fit velocity presented a similar trend as the flow
velocity increased. The best-fit velocity is notably
smaller than the measured value. With the aperture
increasing, the value of the fractional derivative

order increased indicating the relatively low hetero-
geneity. The rough elements caused the eddy in the
flow field and enhanced the heterogeneity, which
lead to a smaller α

The tFADE conducted in this study provides a precise
approach for capturing the solute transport process in single
fractures. The contribution of this study is to provide under-
standing of the applicability and parameter responses of the
tFADE which help better understand the physical meaning
of the model. Since artificial roughness was considered in
this study, the performance of the tFADE in rougher frac-
tures and the sensibility of the fractional order to the rough-
ness should be further investigated. The limitation of this
study is that the flow velocity was considered as stable, while
in reality, it might be variable temporally.

Nomenclature

α: The order of fractional differentiation (−)
C: The concentration of the solute (NL−3)
C0: The dimensionless injected concentration (−)
Cp: The dimensionless concentration under pulse

injection condition (−)
Cs: The dimensionless concentration under step injec-

tion condition (−)
d: The apparent fracture aperture (L)
D: The dispersion coefficient (L2T−1)
Dm: The molecular diffusion coefficient (L2T−1)
μ: The dynamic fluid viscosity (ML−1T−1)
Pe: Peclet number (−)
Q: The flow rate (L3T−1)
r2: The coefficient of determination (−)
Re: Reynolds number (−)
RMSE: The root mean square error (−)
ρ: The fluid density (ML−3)
t: The time (T)
t0: The duration of solution injection (T)
t ′: The dimensionless time (−)
v: The average flow velocity (LT−1)

Table 6: Fitting parameters by the tFADE in the experiments of group 2.

Pattern e (mm) △/e V1 (mm/s) V2 (mm/sα) D (10−4m2/sα) α r2 RMSE

Pattern 1

4 1 1.375 0.3 4 0.850 0.9673 0.0511

4 1 2.5 0.7 4 0.765 0.9837 0.0348

5 0.8 1.1 0.396 4 0.840 0.9420 0.0770

5 0.8 2 0.672 4 0.845 0.9147 0.0960

6 0.67 0.917 0.275 4 0.855 0.9321 0.0552

6 0.67 1.67 0.504 4 0.842 0.9679 0.0574

Pattern 2

2 0 2.75 0.528 4 0.894 0.9564 0.0661

2 0 5 0.969 4 0.890 0.9169 0.0781

3 0 1.83 0.324 4 0.927 0.9497 0.0776

3 0 3.33 0.608 4 0.938 0.9618 0.0579

4 0 1.375 0.236 4 0.931 0.9952 0.0215

4 0 5 0.498 4 0.942 0.9487 0.0678
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V : The advective velocity (LT−1)
V f : The volume of the fracture (L3)
x: The spatial coordinate of the solute along the

direction of flow (L).
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In order to solve the problem of low coal recovery rate caused by leaving large coal pillars in deep mines, the study determined the
reasonable width of the section pillar, which based on the theory of coal pillar stress distribution, taking the 4102 headgate of
Wenjiapo coal mine as the engineering background. Field monitoring and numerical simulation results show that the influence
range of the lateral abutment pressure in the goaf is 50~56m, and the abutment stress distribution in the coal pillar resembles
a hump with two peaks of 38.9MPa and 33.6MPa, respectively. The positions of the double peaks are located at 12m and
36m in the coal pillar, respectively. In the range of “hump,” the section pillar vertical stress is in the original rock stress and is
relatively stable. It can be regarded as an elastic zone in the coal pillar with strong bearing capacity, the coal in other areas
have already undergone plastic yielding, and the bearing capacity has been reduced; the width of coal pillars in the determined
section has been reduced from 46m to 33m, which is a reduction of 13m. The research results have been applied in the 4106
headgate in the same mining area, and good test results have been obtained. The maximum subsidence of the roof-to-floor and
rib-to-rib convergence is 286mm and 150mm, this indicates that its deformation was within the allowable limits, and the
cross-section area was sufficient to satisfy the requirements.

1. Introduction

More than 90% of underground mines use longwall mining
methods, and coal pillar has always been the main way to
isolate the goaf and maintain the roadway in Chinese coal
mine mining [1]. According to the current research status
at home and abroad, there are mainly two ways to retain coal
pillar. The first is the wide coal pillar method, which
arranges the roadway outside the pressure peak to reduce
the damage to the roadway; the other is the yield pillar or
nonpillar method, which is used to reduces the width of coal
pillar and reduces resource waste [2–4].

The research and development level of the two roadway
protection methods also have their own characteristics, and
they have been widely used under different conditions. Coal
mines in central and western China (Shanxi, Shaanxi, Inner
Mongolia, etc.) have gradually entered the stage of deep thick
seam mining [5]. However, the actual production process of
most existing coal mines has been troubled by the width of coal

pillars, which are mostly 50m in width. Above, large coal pillars
not only cannot be recovered but also easily cause the roadway
to be arranged in the stress-increasing area, which is an impor-
tant reason of major accidents [6–8]. Especially now scientific
and greenmining is advocated, higher requirements are put for-
ward for the determination of the width of coal pillars.

In terms of theoretical research, domestic and foreign
scholars have done a lot of research on coal pillar retention
and put forward various theories such as effective area theory,
large slab fissure theory, two-zone constraint theory, and limit
equilibrium theory [9–12]. Each theory has certain applicable
conditions: the effective area theory can only be used when the
excavation area is large, the width and interval of the coal
pillars are the same, the width of the plastic zone calculated
by the large slab crack theory is proportional to the width of
the coal pillar, obviously inconsistent with the actual situation,
and the two-zone constraint theory believes that the coal pillar
is composed of a yield zone and an elastic core zone, which
better explains the form of the stress distribution of the coal
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pillar, but the selection of the relevant parameters of the
formula requires a large amount of on-site measured data or
coal and rock strength test.

Domestic research on the distribution of abutment pressure
in the coal pillar is mostly based on the theory of limit equilib-
rium zones. The most important thing for the establishment of
related models and theoretical derivation is to establish a rea-
sonable basis for determining the limit equilibrium state
[13–16]. Hou et al. deduced the corresponding abutment pres-
sure distribution formula and gave the calculation method of
the width of the limit equilibrium zone and applied it in the coal
pillar setting of the mining area [17]. Kang et al. explained the
setting of coal pillars under different circumstances, such as
nonpillar and yield pillar [18–20]. Based on the analysis of the
overlying rock movement characteristics of the stope, Zhang
et al. clarified the transfer load-bearing mechanism of the roof
in the wedge-shaped area on the goaf side and proposed the
technical idea of optimizing the residual stress of the coal pillar
[21]. Li et al. analyzed the deformation of the roadway sur-
rounding rock under different coal mine geological conditions
and found that the factors affecting the stability of yield coal pil-
lar include: coal seam strength, coal seam thickness, coal seam
depth, immediate roof strength, influence of driving and min-
ing, support strength, and narrow coal pillar width [22].

Combined with field tests and numerical simulation, the
width of section pillar is proved to be reasonable is also stud-
ied. The influence law of the reasonable width of the coal
pillar is studied, and on this basis, a method that can not
only meet the stability requirements of the coal pillar but
also improve the resource recovery rate is proposed. The
research results will provide a theoretical basis for the econ-
omy and safety of section pillar.

2. Background

2.1. Engineering Background. Wenjiapo Mine located in the
Binchang coal mining area was a typical Chinese deep coal
mine, with an excavation depth of almost 600m~700m
below the ground. The shaft station was buried at an average
burial depth of 650m. The entry was a rectangular section
with a width of 5.7m and a height of 3.65m. The fully mech-
anized full seam top coal caving mining method was
employed. The width of the section pillar is 46m (see
Figure 1), the coal pillar is relatively broken during the min-
ing, and stability of the surrounding rocks of the roadway is
bad. The width of the coal pillar needs to be optimized.

The 4102 headgate is in the 4# coal seam, with an average
thickness of 4.8m. The roof rock strata are, in ascending order,
mudstone (2.31m), fine sandstone (1.4m), mudstone (2.1m),
powder sandstone (8.8m), and coarse sandstone (10.2m), while
those below are, in descending order, mudstone (2.6m),
medium sandstone (6.7m), and siltstone (9.1m). The roadway
has a height of 3.65m and a width of 5.7m (Figure 2).

2.2. Determination of Rock Mechanic Parameters. In order to
have a detailed understanding of the surrounding rock prop-
erties of 4102 headgate, the surrounding rock of 4102 head-
gate was selected to collect coal and rock samples without
structural belts and faults, avoiding the construction of the

project, and after the sampling was completed, the PVC
was sealed in the underground, after being transported to
the laboratory for standardized processing (see Figure 3).

The rock mechanics parameters are measured on the
SANS (TAW-2000) microcomputer controlled electrohy-
draulic servo rock triaxial testing machine (see Figure 4).
The maximum axial load of the test system is 2000 kN, the
maximum lateral pressure is 500 kN, and the maximum
shear load is 500 kN.

After sampling in the 4102 headgate, standard specimens
were made, and the rock mechanics performance parameters
were measured as shown in Table 1.

3. Theoretical Analysis Stress Distribution in
the Coal Pillar

After the roadway excavation is finished, the overburden
pressure is redistributed, and a certain range of mining-
induced stress zone will be formed in the coal pillar. Due to
the influence of the mining-induced stress, it is believed that
the coal and rock mass within a certain width of the coal pil-
lar has been damaged. It is generally believed that the abut-
ment pressure at the edge of the coal pillar is zero. As the
depth increases, the abutment pressure gradually increases
until it reaches the peak value of the vertical stress in the coal
pillar [23–25]. The specific area from the coal pillar boundary
to the peak vertical stress is called the yield zone and is also
called the plastic zone width in the coal pillar [26–28].

3.1. The Vertical Stress Distribution in the Coal Pillar after
Working Face Mining. In this section, the coal pillar is
divided into inner plastic zone and elastic zone, and the
study is carried out according to the quadratic curve. The
integrated coal vertical stress in the plastic zone is calculated
by the theory of limit equilibrium zone, and the integrated
coal stress in the elastic zone is fitted by the Weibull distri-
bution function. Substituting the relevant parameters to
obtain the vertical stress in the coal pillar and finally deter-
mine the reasonable width of the coal pillar. In theoretical
calculations, some necessary assumptions should be made
to make the answer to the problem simple. The basic
assumptions are [29–31] as follows:

(1) The coal pillar is regarded as an ideal elastic body,
which conforms to the reasonable assumptions of
continuity, complete elasticity, uniformity, and isot-
ropy in elastic mechanics

(2) The internal shear damage in the coal pillar obeys
the Mohr Coulomb criterion

(3) The stress limit equilibrium zone is at the elastic-
plastic junction

(4) Before the coal pillar yields, the internal displace-
ment and deformation in the coal pillar are small

After the roadway excavation is finished, the vertical
stress distribution in the integrated coal is plotted as curves
(see Figure 5).
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In Figure 5, F ðεÞ is the influence of working face mining
on the vertical stress of on the right side of integrated coal,
and f1 ðεÞ is the influence on the integrated coal stress in
the plastic zone. The vertical stress in the plastic zone of coal
pillar (lateral abutment pressure) is the limit equilibrium
state; f2 ðεÞ is the influence on the stress elastic zone of coal
pillar [32–34].
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Figure 1: Schematic diagram of the project.
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Figure 2: The lithological characteristics of the section and surrounding rock of 4102 headgate.

Figure 3: No. 4 coal seam rock formation specimens.

Figure 4: Experimental system for determining rock mechanical
properties.
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It can be calculated by formula (1).

f1 εð Þ = C0
tan φ

+ pi
λ1

� �
e
2 tan
mλ1

ε+B/2ð Þ −
C0

tan φ
ε ∈ −B/2, x1 − B/2½ Þ,

ð1Þ

where C0 is the coal seam interface cohesion, 6.62MPa, φ is
the internal friction angle of the coal seam interface, 28.81°,
pi is the bolt supporting strength, 0.2MPa, λ1 side pressure
coefficient in the coal pillar, 1, m the height of the roadway,
3.8m, B the width of coal pillar, 46m, x1 the plastic zone
range in the coal pillar after working face mining, m.

The range of the plastic zone is calculated by formula (2):

x1 =
mλ1

2 tan φ
ln k1γH + C0

tan φ

� �
/ C0

tan φ
+ pi
λ1

� �� �
, ð2Þ

where k1 is the increasing coefficient vertical stress in coal
pillar during working face mining.

The vertical stress in the coal pillar outside the plastic
zone satisfies the Weibull distribution, and the Weibull
distribution function expression is

w xð Þ = e x
xw

e−
x
xw , ð3Þ

where x is the random variable, the distance from any point
of the original rock stress zone to the coal rib, and xw is the
scale parameter.

Combined with the distribution law of the internal stress
of the coal pillar outside the plastic zone, substituting the
relevant parameters, f2 ðεÞ is

f2 εð Þ = k1 − 1ð ÞγH, ε ∈ x1 − B/2,+∞½ Þ, ð4Þ

where

s = ε + xf + B/2 − x1
� �

/xf °, ð5Þ

where γ is the bulk density, 2.5kN/m3, H is the buried depth
of the roadway, 650m, and xf is the parameter that adjusts
the degree of urgency of the function.

In formula (4), f2 ðεÞ is a single-peak function, and when
ε = x1 − B/2, the peak value f2 ðεÞ is k1γH. The peak value
f2 ðεÞ increases with k1; so, the value of the stress peak can
be adjusted by changing it to reflect the degree of influence
of the mining face on the peak abutment pressure of the coal
pillar center. Increase or decrease xf to adjust the degree of
gradualness and urgency in the f2 ðεÞ descending process
during the ε⟶ +∞ process and gradually decrease to the
original rock stress as it develops into the deep part of the
coal seam. According to the above analysis, it can be seen
that the influence of working face mining on the central
abutment pressure in the coal pillar is

F εð Þ =

C0
tan φ

+ pi
λ1

� �
e
2 tan φ
mλ1

ε+B
2ð Þ − C0

tan φ
, ε ∈ −

B
2 , x1 −

B
2

� �
,

k1 − 1ð ÞγHse1−s + γH, ε ∈ x1 −
B
2 ,+∞

� �
:

8>>><
>>>:

ð6Þ

3.2. Determination of the Reasonable Width of the Coal
Pillar. According to the production geological conditions
of Wenjiapo Mine and related test results, combined with
numerical simulation results, the calculation parameters
are as follows: average buried depth of roadway H is
650m, rock layer density ρ is 2:5 × 103 kg/m3, coal seam
thickness h is 4.8m, bolt supporting strength pi is 0.2MPa,
coal seam cohesive force C0 is 6.62MPa, coal seam internal
friction angle φ is 28.81°, integrated coal abutment pressure
increases coefficient 1.5 after working face mining, the abut-
ment pressure increase coefficient on one side of the body is
1.3, and the side pressure coefficient in the plastic zone is 1.0.

The basic condition for maintaining the stability of the
coal pillar in the roadway protection is as follows: after plas-
tic deformation occurs on both sides of the coal pillar, there
is an elastic core with a certain width in the center of the coal

Table 1: Measurement results of rock mechanical parameters.

Lithology
Compressive strength/

MPa
Shear strength/

MPa
Tensile strength/

MPa
Poisson
ratio

Cohesion/
MPa

Friction/°

Silty mudstone 11.3 29 1.8 0.29 6.8 35

Fine sandstone 50.9 86.7 2.8 0.24 13.2 49

Pelitic siltstone 30.4 50.4 2.2 0.28 11.1 36

Coal 5.8 9.1 1.4 0.32 3.4 29

Mudstone 9.7 21.1 1.59 0.3 5.3 32

Medium fine
sandstone

46.4 39.5 2.7 0.26 11.7 46

y

x
γH

f(x2)

F(ε)x1

f(x1)
kγH

x2

B/2O

Figure 5: Vertical stress distribution in the integrated coal after
working face mining.
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pillar, and the width of the elastic core is not less than twice
the height of the coal pillar. Therefore, the reasonable width
of coal pillar in the 4102 headgate face is

B > x0 + 2h + x1,

x0 =
hλ1

2 tan φ
ln k1γH + C0

tan φ

� �
/ C0

tan φ
+ Pi

λ1

� �� �
,

ð7Þ

where x0 is the width of plastic zone on the left side of the
coal pillar, x1 is the width of the plastic zone on the right side
of the coal pillar, λ1 is the increase coefficient of the abut-
ment pressure in the integrated coal after the mining, 1.5,
k1 is the inner stress coefficient in the plastic zone is 1.0,
and λ2 is the increase coefficient of abutment pressure on
the side of coal body after excavation of roadway 1.3.

x1 =
hλ2

2 tan φ
ln k1γH + C0

tan φ

� �
/ C0

tan φ
+ Pi

λ1

� �� �
: ð8Þ

Because the width of the coal pillar is different, the width
of the corresponding coal pillar’s plastic zone is also differ-
ent. Substituting the parameter to solve formula (8), x0 is
11.2m, x1 is 8.9m, and B is bigger than 29.7m.

4. Measurement of Lateral Stress in
Working Face

The borehole stress gauge was used to measure the stress dis-
tribution in the coal pillar during the 4102 working face
mining in order to analyze the stress distribution of the coal
pillar. Due to the large coal pillar width, it is difficult to con-
struct horizontal small-diameter deep holes, and the drilling
cannot penetrate the 46m coal pillar. Therefore, the two
roadways are arranged equally, and the measuring stations
are arranged in front of the workface, that is, the 4102 head-
gate and the 4103 tailgate. The strain gauges are located 3m,
6m, 9m, 12m, 15m, 18m, and 21m, within the pillar with a
distance of about 1m (see Figure 6).

After collecting and processing the measured data, the
distribution of the abutment pressure in the coal pillar is
obtain to draw a curve (see Figure 7).

The lateral abutment pressure in the coal pillar continues
to increase with the mining (see Figure 7); the lateral abut-
ment pressure distribution in the coal pillar resembles a
hump with two peaks of 38.9MPa and 33.6MPa, respec-
tively, and the positions of the double peaks are located
12m and 36m in the coal pillar, respectively. The range of
the “hump” is roughly 17m~34m. In the range of 17m
width range, the vertical stress in the coal pillar is
15MPa~20MPa, which is basically in the original rock stress
with small difference. It can be regarded as an elastic zone
with a certain width in the coal pillar and has a strong bear-
ing capacity. The analysis shows that the width of the coal
pillar can be appropriately reduced, and the width of the
“hump” is can be reduced, but it still has enough elastic zone
to play the bearing role.

It was suggested that the optimization of coal pillars can
reduce the width of the “hump”, and its width can be
reduced from 46m to 26~35m.

5. Numerical Simulation Analysis of Coal Pillar
Stress Distribution

Using the FLAC3D software to simulate and analyze the
stress distribution in the coal pillar and the deformation
and failure process of the two mining roadways to provide
guidance for the reasonable determination of the coal pillar
width [35–37], the numerical model must meet the follow-
ing conditions. In order to meet these conditions, the
numerical model must have the following steps:

(1) Geometry and geology of the model, based in project
information of mining and drilling

(2) Boundary conditions and restrictions on the edges of
the model to simulate the continuity of the medium

(3) Material properties (solid rock) are found in the
place, being these criteria-based properties of
classification

(4) Initial stress field of the model, based on stress mea-
surements or empirical methods

(5) Sequence of excavation of galleries to simulate the
redistribution of stresses and displacements of the
massif caused by the excavation

(6) Analysis of results to determine whether the rock
mass or the type of treatment used for control of
deformations is satisfactory (or not).

5.1. Numerical Model. Using FLAC3D software to establish a
numerical calculation model according to the geological con-
ditions of Wenjiapo Mine, the model includes No. 4 coal
and a total of 28 layers of upper and lower rock formations,
and the size of the model is 206 × 150 × 91m. Horizontal dis-
placement constraints are imposed on the boundaries on both
sides and front and rear boundaries, vertical displacement
constraints are imposed on the bottom boundary, and uni-
formly distributed loads are imposed on the upper boundary.
The uniformly distributed loads are calculated based on the
weight of the overlying rock. The density of the overburden
is 2500kg/m3, the buried depth of the No. 4 coal seam is deter-
mined to be 650m, the uniform load of 16.95MPa is applied
to the upper part of the model to simulate the weight of the
overburden, and the lateral pressure coefficient is 1.

The mechanical parameters of model coal and rock mass
are shown in Table 2.

The numerical calculation model is balanced with the
initial stress (see Figure 8).

5.2. Simulation of the Original Coal Pillar Width. The verti-
cal stress distribution in the section coal pillars when the
4102 working face is advanced at 0m, 40m, 80m, and
120m is simulated and calculated the vertical stress distribu-
tion in the coal pillar (see Figure 9).
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The vertical stress distribution data obtained by numer-
ical simulation is plotted as curves (Figure 10).

It can be seen from Figure 10 that as the working face
advancing, the vertical stress in the coal pillar continues to
increase under the influence of mining-induced stress; the

vertical stress distribution curve in the coal pillar resembles
“a hump with two peaks” of 33.5MPa and 34.3MPa, respec-
tively, the positions of the double peaks of each curve are
approximately at 11m and 37m in the coal pillar, and the
width of “hump” is roughly in the range of 17m~36m. In
the range of “hump,” the abutment pressure in the coal pillar
is 19MPa~25MPa, which is close to the stress of primary
rock. It can be regarded as a certain width of elastic zone
in the coal pillar, which has strong bearing capacity, and
the coal in the other ranges has already undergone plastic
yielding and only has a certain bearing capacity. The width
of the “hump” (see Figure 10) can be appropriately reduced.

5.3. The Abutment Pressure Distribution Law in the Coal
Pillar with Different Widths. According to the geological
conditions of Wenjiapo Coal Mine, the coal pillar width x
is 15m, 25m, 33m, and 46m, respectively and the abutment
pressure distribution law in the coal pillar and the displace-
ment of roadway surrounding rock during roadway driving
and mining. The simulation process is divided into 4 steps:
the first step is the calculation of the original rock stress bal-
ance; the second step is the calculation of the mining influ-
ence of the 4103 working face in the upper section; the
third step is the roadway driving and bolt support of the
4102 working face in this section protection calculation;
the fourth step is calculation of mining influence of 4102
working face in this section. The simulation diagram is
shown (see Figure 11), where x is the width of the coal
pillars, which are 15m, 25m, 33m, and 46m, respectively.

In the case of leaving coal pillars with different widths,
the vertical stress in the coal pillars distribution was curve
can be obtained directly by software (see Figure 12).

4102 Intake Roadway

4103 Return Roadway

Coal Pillar Gob

1 m 1 m 1 m 1 m 1 m 1 m 1 m

Figure 6: Borehole stress gauge monitoring station.
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Figure 7: Distribution diagram of lateral abutment pressure in the
coal pillar.
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The vertical stress in the summary simulation results is
shown in Figures 13 and 14.

In Figure 13, during the driving of the 4102 headgate, the
vertical stress in the coal pillar caused by the different coal
pillar width is different:

(a) When the width of the coal pillar is 15m and 25m,
the stress in the coal pillar presents a single peak par-
abolic distribution, and the peak position is not in
the center of the coal pillar. In the case of 15m coal
pillar, the peak center is biased to the side of the coal
pillar near the roadway, and the deviation distance is
about 1.5m; when the coal pillar widens to 25m, the
vertical stress in the coal pillar gradually presents a
trapezoidal distribution, and the peak position shifts
from the side of the roadway to the side of the goaf.
The deviation distance increases with the increase of
the width of the coal pillar, and the deviation dis-
tance is about 1.5m

(b) When the coal pillar width is 33m and 46m, the stress
distribution in the coal pillar is the same as that before
the coal pillar width is not reduced. In these two cases,
the peak value is in the form of “a hump with two
peaks.” When the coal pillar is 33m, the peak value
of the coal pillar is at 16m and 27m into the coal pil-
lar, and the peak vertical stress in the range of “hump”
is close to the original rock stress which can be consid-
ered as an elastic core zone with good bearing capac-
ity; when the coal pillar is 44m, the peak of the coal
pillar is 12m and 27m deep into the coal pillar

(c) When the coal pillars are 15m and 25m, the peak
stress of the coal pillar is greater than that of the coal
pillars of 33m and 46m, because the coal pillar is in
the high stress area and the stress concentration of
the coal pillar is higher; the first two of the coal pillars
plastic zone are larger, because the first two of the coal
pillar plastic zone are larger, the abutment pressure

Table 2: Model parameters.

Lithology Tensile strength/MPa Cohesion/MPa Friction/° Bulk modulus/GPa Shear modulus/GPa

Mudstone 1.25 1.70 26.44 0.82 0.49

Sandstone 1.51 1.47 23.16 0.70 0.46

Siltstone 1.43 3.14 35.85 1.07 0.77

Coal 0.72 1.99 26.81 0.35 0.14

150 m

246 m

79 m

4102 Intake Roadway
4102 Working Face

4103 Working Face
Coal Pilar
Coal Seam
Conglomerate
Mudstone
Sandstone
Siltstone

4103 Return Roadway

Zone

(a)

4102 Working Face
4103 Working Face

4102 Intake Roadway4103 Return Roadway

Coal Pilar

(b)

Figure 8: Geometric model of simulations.
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shifts to the deep part of the coal seam, and the coal at
the side edge of the goaf is more fragmented

In Figure 14, during the mining of the 4102 working
face, the vertical stress in the coal pillar caused by the differ-
ent coal pillar width is different:

(a) Compared with roadway driving, the vertical stress
in the coal pillar is more concentrated during the
mining. The most concentrated stress is when the
coal pillar width is 25m. At this time, the peak stress
reaches 38.8MPa, which is 2.4 times the original
rock stress; during the mining period, the vertical

FLAC3D 5.00
©2012 Itasca Consulting Group, Inc.

Contour of ZZ-Stress
Calculated by: Volumetric Averaging

–1. 34E + 06
–4. 00E + 06

–1. 20E + 07
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(a) Vertical stress of 0 m advancing the working face

FLAC3D 5.00
©2012 Itasca Consulting Group, Inc.
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Calculated by: Volumetric Averaging

5. 17E + 05

–7. 50E + 06
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(b) Vertical stress of 40m advancing the working face
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©2012 Itasca Consulting Group, Inc.
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–1. 75E + 07

–2. 75E + 07
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(c) Vertical stress of 80m advancing the working face

FLAC3D 5.00
©2012 Itasca Consulting Group, Inc.

Contour of ZZ-Stress
Calculated by: Volumetric Averaging

6. 81E + 05

–5. 00E + 06

–2. 25E + 07

–3. 25E + 07

–3. 79E + 07

(d) Vertical stress of 120m advancing the working face

Figure 9: Vertical stress diagram of coal pillar during No. 4102 working face mining.
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stress curves of the four coal pillars did not change
much, and the shape of the stress curves was still
similar to that during driving

(b) During the mining period, the low-stress area at the
edge of the coal pillar expands, and the peak vertical
stress in the coal pillar moves to the inside of the coal
pillar. As the coal pillars are subjected to relatively
large loads during the mining process, the edges of
the coal pillars undergo plastic failure

It can be seen from the above analysis that under the
same mining conditions, the smaller the width of the coal
pillar, the more concentrated the load on the coal pillar,
the peak stress will shift inward, the elastic core range in
the middle part will decrease, and the width of the plastic
zone will increase. Therefore, discussing the reasonable
width of the coal pillar, it should be consider the impact of
the stress environment in which the coal pillars are located.

5.4. Comparison of Plastic Zone in the Different Coal Pillars.
The range of the plastic zone of coal pillars with different
widths is shown in Figure 15.

It can be seen from Figure 16 that when the width of the
coal pillar is 46m and 33m, a large range of elastic areas can
be seen in the coal pillar, there is basically no plastic failure
in the elastic area, it has a higher bearing capacity, and the
elastic areas of the coal pillar are, respectively, 60% and
55%; when the coal pillar width is 15m and 25m, the elastic
area in the coal pillar basically disappears, the entire coal pil-
lar has basically undergone plastic failure, the elastic area is
basically completely lost, and the proportion of the plastic
area is close to 100%. In particular, the 15m coal pillar has
basically lost its bearing capacity due to excessive deforma-
tion, and the reason is that the roof has broken at the edge
of the goaf. Coupled with the influence of secondary mining,
the roof of roadway continues to bend and sink, and the
abutment pressure transfers to the coal pillar. Due to the
integrated coal has a greater bearing capacity, the crushing
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Figure 10: Vertical stress distribution curve of coal pillar during 4102 working face advancing.
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Figure 11: Diagrams of simulation schemes for different coal pillars.
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(a) Coal pillar width 46m (b) Coal pillar width 33m

(c) Coal pillar width 25m (d) Coal pillar width 15m

Figure 12: Vertical stress in the different coal pillars width.
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scope and impact in surrounding rock of the roadway are
smaller than the goaf side. The coal pillar sill will produce
a certain range of plastic zone, the bolts located in the bro-
ken zone will fail, the bolt supporting capacity will decrease,
the degree of broken roadway surrounding rock will
increase, and the stability of coal pillar will decrease.

5.5. Determination of the Width of the Coal Pillar. In sum-
mary, when the coal pillar is 33m, the vertical stress distri-
bution still presents a form of “a hump with two peaks”
during working face mining. The positions of the double

peaks are about 18m and 27m in the coal pillar, respectively.
The range of the “hump” in the coal pillar is roughly
10m~12m. Within this width, the supporting pressure of
the coal pillar is at a relatively high level with the superim-
posed disturbances of the two stopings. Compared with the
46m coal pillar, the stress level is not significantly increased,
and the stress peak change is small. It can be regarded as a
certain amount of the coal pillar. The width of the elastic
zone has a strong bearing capacity; the coal in other areas
of the coal pillar has completely plastically yielded and only
has a certain bearing capacity.

Compared with the 33m coal pillar, the 15m and 25m
coal pillars have larger plastic zones and higher stress con-
centration. Although the stress level and the development
degree of the plastic zone for the 46m coal pillars are almost
the same as those of the 33m coal pillars, it is due to the
resource utilization, and the width of coal pillar was deter-
mined to be 33m.

6. Field Test

Based on the previous research results, field test of coal pillar
retention was carried out on the 4106 headgate in the same
panel. The width of section pillar is 33m, and there are a
monitoring section every 100m to monitor the deformation
of the surrounding rock of the roadway during the workface
mining (see Figure 17).

During the mining process of the roadway surround-
ing rock (see Figure 17), the monitoring section is outside
the range of 70m from the working face, and the roadway
roof-floor displacement and deformation rate are small,
closed to 0mm/d; in the range of 50m, the roof subsi-
dence and the deformation of the coal rib convergence
have increased to varying degrees. Especially, in the 24m
mining area, the surface displacement in the roadway
began to increase rapidly. During the entire mining
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(b) Coal pillar width 33m
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(c) Coal pillar width 25m
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Figure 15: The plastic zones in coal pillars with different widths.
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process, the maximum roof subsidence was 153mm, and
the maximum displacement of the coal rib convergence
was 132mm. The deformation rate was smaller in the
early stage and increased in the later stage. There was no
obvious displacement, which proved that the roadway con-
trol was reasonable and effective.

The on-site monitoring results show that it is reasonable
to leave the coal pillar width of 33m, and the control effect
of the surrounding rock of the roadway is good (see
Figure 18).

7. Conclusions

(1) It can be seen from the measured data that the abut-
ment pressure in the coal pillar increasing with the
working face mining and presents a form of “a hump
with two peaks.” The positions of the double peaks
are 12m and 36m in the coal pillar, and the distances
of “two peaks” are 24m. The peaks are 38.9MPa and
33.6MPa, respectively. The range of the curve
“hump” is roughly 17m~34m. In the range of 17m
width, the abutment pressure in the coal pillar is

between 15MPa and 20MPa, which is the original
rock stress with little change. It can be regarded as
an elastic zone with a certain width in the coal pillar
and has a strong bearing capacity; numerical simula-
tion analysis results in a law similar to the measured
data (“a hump with two peaks”). Therefore, the coal
pillar can be appropriately reduced

(2) The stress concentration in the coal pillar (15m and
25m) is 15%~30% higher than wider coal pillar
(33m and 46m); the damage area of the plastic zone
also accounts for a larger proportion. The ratio is
45% and 46%, and there is still a large area of elastic
zone; the coal pillars are basically completely dam-
aged when the coal pillars width is 25m and 15m,
and the plastic zone accounts for 100%. Based on
comprehensive considerations, the width of the
remaining coal pillars is determined to be 33m

(3) After field measurement, it is found that the maxi-
mum displacement of the roof and floor is 153mm,
the maximum displacement of the two sides is
132mm, and the deformation is small; the deforma-
tion rate is small in the early stage and increased in
the later stage. There is no obvious displacement
changed, which proves that the roadway control is
reasonable. The overall displacement during the
mining period is not large, which proves that the
coal pillar has a good field application effect and
can be used under the same geological conditions
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Aiming at the wide range of rock strata movement and collapse, poor stability and high damage rate of the working face support and
being prone to crushing of the support in large mining height face, analog simulation, theoretical analysis, and field measurements have
been carried out to analyze roof breaking structure form and calculation method of support reasonable support resistance of large
mining height face. +e researches show that, affected by the space of the mined-out area, the roof of the large mining height working
face will take on the structural form of “combined suspended beam-nonhinged roof-hinged roof”; the interaction system between the
support and the surrounding rock consists of “hinged roof structure,” “nonhingeable roof structure,” “combined suspension beam
structure,” and the support. +e support resistance should adapt to the change of the overlying rock structure’s instability movement,
bearing the weight of the structure itself and the additional load generated by the movement. Combining with the mining conditions of
Jinhuagong CoalMine’s largemining height face inDatongmining area, the reasonable support resistance of the working face support is
analyzed. +e mine pressure monitoring shows that the ZZ13000/28/60 type support and shield hydraulic support can meet the
requirements of roof control; the research results ensure the safe mining of the large mining height face.

1. Introduction

+e thickness of coal strata occurrence in numerous mine
areas exceeds 3.5m in China, i.e., Yanzhou mine areas in
Shandong Province, Xishan, Datong, Lu′an, and Jincheng
mine areas in Shanxi Province [1–3]. +e excavating tech-
niques of thick coal strata, to a large extent, determine the
development of technological level of the entire coal mining
industry as well as the utilization of economic benefit in
China [4–8]. Due to the advantages of high resource re-
covery and small amount of gas discharge of the excavation
of coal strata with large mining height, it has become the
main development direction and primary technical ap-
proach of the safe and efficient excavation of thick coal strata
in Chinese mine areas [9, 10]. In recent years, significant

breakthrough had been achieved in the development of
associated equipment for the excavation of mine area with
large mining height which significantly accelerated the de-
velopment of excavating techniques for thick coal seam with
large mining height [4, 5]. However, years of on-site mea-
surement and abundant theoretical studies showed that,
with the increase of excavating depth of the coal strata and
the height of support, the stability of the surrounding rock
support system weakened and the accident rate exceeded
19% [11, 12]. Common incidents of runover and damage of
support occurred due to insufficient working resistance of
support at the working face [11]. For example, Jinhuagong
Coal Mine is one of the large scale mine areas owned by
Datong Coal Mine Group in China which locates at 12.5 km
to the west of Datong City. +e area of mine is 41 km2, the
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designed production capacity is 4.5Mt/a, and the average
excavating depth of coal strata is 5.7m. +e lithological
character of the roofing is mainly sandy strata with high
hardness. During the mining period of No. 8218 working
face, a total of 3 support crushing incidents occurred and a
total period of 21 days of normal production was affected
[13].

+e existing production practice has confirmed that the
overlying strata structure directly relates to the basic
problems of stope strata control, such as the causes of stope
accidents, the source of roof pressure, the principle of stope
support, and the determination of various parameters [14].
Scholars have conducted many studies on the overlying rock
structure of working face, which has promoted the solution
of the problem of stope roof control. Yan et al. [15] put
forward the structure theory of ‘short cantilever beam-
hinged rock beam’ in large mining height stope. Xu et al. [16]
put forward the structure theory of ‘cantilever
beam+masonry beam’ in large mining height fully mech-
anized mining stope. Wang et al. [17] established the
structure model of ‘cantilever beam+masonry beam’ based
on the mining conditions of super large mining height
working face and analyzed the coupling relationship and
control method of strength, stiffness, and stability of hy-
draulic support and surrounding rock in super large mining
height working face. Ju et al. [18] discussed the influence of
key strata on the breaking characteristics and working re-
sistance of support in large mining height fully mechanized
mining face. Yin [19] put forward the structure model of
‘cutting body’ for shallow buried large mining height
working face. Regarding the calculation of the support load
and working resistance of the large mining height face, the
traditional empirical formula and engineering analogy
methods are still used. Zhang et al. [20] used the position
equation method to theoretically analyze the support
working resistance of the medium-buried large mining
height fully mechanized mining face. Qiu et al. [21] checked
the support strength of the shallow buried and large mining
height working face through the load empirical formula and
the actual measurement statistical method.

However, due to the complexity of the conditions of
occurrence as well as the specialty of the excavating tech-
niques for large mining height coal strata, when guided by
conventional mining pressure and strata control theory, it is
likely that the activity of working face roofing is unclear and
the mechanism of mining pressure appearance is unknown,
thus hindering the efficient and safe production of the coal
mine. +erefore, on the basis of existing research, further
analyze the relationship of support and surrounding rocks in
large mining height excavating condition through the pat-
tern of fracturing and destabilization overlying strata of
working face with large mining height and the structure of
the roof structure and thus provide effective and rational
roof control techniques, which have great theoretical sig-
nificance and practical value for the efficient and safe
production of coal strata with large mining height.

Based on the engineering background of Jinhuagong
Coal Mine, this paper adopts the research methods of
physical simulation test, numerical simulation, theoretical

analysis, and field measurement to explore the morphology
and characteristics of overburden structure in large mining
height working face. Based on the results of physical test and
numerical analysis, a mechanical model is established to
analyze the interaction between support and surrounding
rock under this mining condition, and the calculation
method of reasonable support resistance under large mining
height is deduced to guide the reasonable selection of
support and roof control under large mining height. +e
correctness of the calculation method is verified by engi-
neering practice.

2. Overlying Strata Structure Form of Large
Mining Height Mining Face

2.1. Physical Simulation of Overlying Strata Structure

2.1.1. Similarity Model Establishment. In order to evaluate
the characteristics of movement and structural mode of
overlying rock roofing in large mining height condition, No.
8218 large mining height working face of Jinhuagong Coal
Mine was selected as background to conduct physical similar
simulation experiment.

2D plane stress experimental station was used to conduct
similarity analysis. +e size of the experiment model is
length×width× height� 2500× 200× 2000mm. +e selec-
tion of similar analog constants [22] is shown in Table 1.
According to similar constants and actual mechanical pa-
rameters of coal and rock mass, the physical and mechanical
parameters and proportions of the physical model rock
formation are calculated, as shown in Table 2. +e model is
laid in layers along the horizontal direction, and talcum
powder and mica powder are sprinkled between the layers.
After the model is dry, paint the surface of the model with
white ash, and lay vertical and horizontal observation lines
on the surface of the model. +e intersection of the two lines
is used as the observation point. According to the buried
depth of the coal seam, the weight of the overlying rock layer
is compensated by external force, and the experimental
paving model is shown in Figure 1.

2.1.2. Physical Simulation Experiment Results. +e results of
the experiment are shown in Figure 2. +e following can be
seen:

(1) During the advancement of 20m of the working face,
the immediate roof fractured in a periodic order and
acted directly on the support of the mine area in the
mode of combined cantilever beam structure. +e
overlying rock strata above the immediate roof
remained intact. With the increase of distance of
advancement, different amount of settlement of the
sublayers of the overlying rock strata led to the
delamination of the sublayers.

(2) When the working face advanced to 70m, the col-
lapsed height at the gob increased.+e caving gangue
gradually filled the space of the gob to support the
fractured blocks of the overlying rock strata. How-
ever, as the caving gangue was in the initial extrusion
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Table 2: Physical and mechanical parameters of coal strata with large mining height.

Serial number Lithological characteristics Paved thickness of the model (cm) Compressive strength (kPa) No. of mixture Sublayer
14 Medium gritstone 4.8 392 455 3
13 Gritstone 6.8 383 455 4
12 Fine sandstone 14.2 450 337 4
11 Coal 1.5 167 764
10 Sandy shale 6.5 208 546 3
9 Coal 1.2 167 764
8 Sandy shale 6.5 208 546 3
7 Fine sandstone 2.0 358 455
6 Sandy shale 3.8 208 546 2
5 Medium sandstone 11.5 392 455 3
4 Gritstone 11.2 358 455 3
3 Fine sandstone 2.9 450 337
2 Sandy shale 1.1 217 546
1 Coal 7.1 167 764
Note. +e meaning of No. of mixture: the first digit represents the ratio of sand to cement, and the second and third digits represent the ratio of calcium
carbonate to gypsum in the cement. For example, No. 455 of mixture in the table indicates that the sand-to-rubber ratio is 4 :1, and the calcium carbonate:
gypsum in a cement is 5 : 5.

Figure 1: Two-dimensional plane stress test bench.

Combined cantilever beam

(a)

Non-hinged roofing

(b)

Hinged roofing

(c)

Figure 2: Damage mode of overlying rock during the advancement of working face. (a) Working face advanced to 20m; (b) working face
advanced to 70m; (c) working face advanced to 120m.

Table 1: Primary similarity constants of similar simulation experiment.

Primary similarity constants Ratio (model: original)
Geometric similarity ratio 1 : 80
Similarity constant of volumetric weight 1.5
Similarity constant of stress 120
Similarity constant of time 8.9
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stage, the compactness was low and the amount of
extrusion was large, the settlement of roofing
exceeded the ultimate allowable settlement between
the fractured blocks, and thus hinged rock-beam
structure could not be formed between the blocks.
Instead, nonhinged rock-beam structure existed.

(3) When the working face advanced to 120m, the space
of overlying rock strata reduced and the amount of
extrusion of the caving gangue at the gob became
limited. +e allowable settlement of the fractured
roofing was smaller than the ultimate amount of
rotation of the overlying rock strata. In addition,
large extrusion existed between the fractured blocks.
As a result, masonry beam structure was formed
between the fractured blocks of the high roofing.

2.2. Numerical Simulation of BreakingMotion Characteristics
of Overburden Strata

2.2.1. Numerical Model Establishment. +e UDEC2D nu-
merical calculation model is established based on the en-
gineering geological conditions and mining technical
conditions of No. 8218 fully mechanized mining face in
Jinhuagong Coal Mine.

Model size is height ×width � 100m × 200m. +e
constitutive relationship of surrounding rock used in the
numerical calculation model is Mohr-Coulomb criterion,
stress-displacement mixed boundary, uniform vertical
compressive stress is applied to the upper boundary of the
model, and horizontal compressive stress varying with
depth is applied on both sides. According to the mechanical
test data of the coal seams and roof and floor rocks of No.
8218 working face provided by Jinhuagong Coal Mine, the
deformation parameters of the coal seams and roof and
floor rocks under the Mohr-Coulomb strength criterion are
estimated through the GSI geological strength index and
the Hoek-Brown strength criterion as shown in Table 3
below.

2.2.2. Numerical Simulation Results. Figure 3 shows the
simulation results of the fracture movement characteristics
of the overlying strata in the mining process of the working
face. It can be seen from the figure that when the working
face is at the position of the open cut, the overhang length of
the first layer of sandy shale is small and does not reach its
limit span. It is a cantilever structure with fixed ends at both
ends, as shown in Figure 3(a). As the working face con-
tinues to advance, the first and second layered rock for-
mations bend and sink, causing separation from the upper
layer. +e first and second layered roofs collapsed for the
first time, with a collapsed height of 3.2m, and thickness
and hardness of the overlying third layer named coarse
sandstone are large, the limit span is large, and the bending
deformation of the coarse sandstone is small. As the
working face continues to advance, due to the large goaf
space at this time, the collapsed first and second layered
roof fill the goaf. +e height of the zone is limited, and the
coarse sandstone roof has a large bending and sinking

space. +e working face is advanced to 52m, as shown in
Figure 3(b). +e coarse sandstone roof collapses and the
height of the collapse is 12.2m. Similarly, due to the large
space in the goaf at this time, the collapsed roof rock layer is
insufficient to fill the mined-out area, and the allowable
sinking space is greater than the limit subsidence of the
overlying rock.+e overlying rock breaks and collapses and
enters the mined-out area. +is part of the roof is in the
form of a combined cantilever beam above the support.
When the working face advances to 66m, the overlying
sandy shale breaks and collapses, filling the mined-out area
to a greater degree, and the allowable sinking space is al-
ready very small, as shown in Figure 3(c); the roof is in a
state of nonarticulated structure. At this time, the collapse
height reaches 38.7m; when the working face advances to
92m, the overburden fine sandstone collapses for the first
time. Because the free space below is filled with falling
gangue, the allowable subsidence is less than the thickness
of the fine sandstone roof, forming a hinged structure, as
shown in Figure 3(d); when the working face advances to
110m, the fine sandstone roof collapses for the first time, as
shown in Figure 3(e); when the working face advances to
130m, the fine sandstone roof collapses for the second time,
as shown in Figure 3(f ).

2.3. Structural Features of Overlying Rock Roof in Stope.
Based on the foregoing simulation results, it can be seen that
the large mining height working face is affected by the goaf
space, and the roof breaking structure of the goaf has the
following characteristics:

(1) During the initial mining period of the working face,
the immediate roofing existed in the form of com-
bined cantilever beam structure. Affected by the
lithological characteristics of the roofing, there is a
certain amount of difference in the suspended length
of the combined cantilever beam structure. For
normal soft roofing, such as mud stone, shale, and
sandy shale, the fracturing line lies on the tail beam
of the support and the support of the working face
mainly carries the weight of the overlying rock. For
harder roofing, such as sandstone, limestone, and
glutenite, the fracturing line normally lies behind the
tail beam of the support by a certain distance and
cantilever structure is formed. In this case, apart
from sustaining the weight of the collapsed roofing,
the support is also subjected to the moment of the
cantilever roofing.

(2) +e blocks of the nonhinged roofing structure are
regularly arranged and there is no compressive ac-
tion between the blocks. For normal soft roofing,
such as mud stone, shale, and sandy shale, the
nonhinged roofing structure transforms to com-
bined cantilever beam structure. For harder roofing,
such as sandstone, limestone, and glutenite, the
fractured dimension of the nonhinged roofing
structure is large and the supporting action from the
gangue in the gob increases. As a result, the effect on
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the underneath combined cantilever beam structure
is reduced.

(3) When the hard rock strata above the nonhinged
roofing fracture, the allowable settlement is limited
and the fractured blocks form hinged roofing
structure due to mutual extrusion. Unconnected

fracturing appears on the overlying roofing and the
roofing is primarily subjected to bending settlement.

+e “combined cantilever structure-nonhinged roof
structure-hinged roof structure” model of the overlying rock
roof of the large mining height working face is shown in
Figure 4.

Table 3: +e physical and mechanical property parameters of the numerical simulation experimental model coal.

Serial
number Lithologic characters +ickness/m

Bulk
density
(kg/m3)

Volume
modulus
(GPa)

Shear
modulus
(GPa)

Internal
friction
angle/°

Cohesion
(MPa)

Tensile
strength
(MPa)

15 Grit stone 20.0 2580 8.4 3.72 37 8.27 6.22
14 Fine sandstone 13.4 2580 7.1 2.91 37 5.45 4.06

13 Moderate coarse
sandstone 3.8 2580 9.4 6.76 40 6.63 5.27

12 Grit stone 5.4 2580 8.4 3.72 37 8.27 6.22
11 Fine sandstone 11.4 2580 7.1 2.91 37 5.45 4.06
10 Coal seam 1.22 1400 7.22 1.8 28 2.82 3.13
9 Sandy shale 5.22 2420 4.2 2.91 35 4.52 2.47
8 Coal seam 0.96 1400 7.2 1.8 28 2.82 3.13
7 Sandy shale 5.21 2420 4.2 2.91 35 4.52 2.47
6 Fine sandstone 1.60 2580 7.1 2.91 37 5.45 4.06
5 Sandy shale 3.10 2420 4.2 2.91 35 4.52 2.47
4 Medium sandstone 9.20 2580 9.6 4.7 32 7.20 5.21
3 Grit stone 9.00 2580 8.4 3.72 37 8.27 6.22
2 Fine sandstone 2.30 2580 7.1 2.91 37 5.45 4.06
1 Sandy shale 0.90 2420 4.2 2.91 35 4.52 2.47

Coal seam 5.70 1400 7.2 1.8 28 2.82 3.13

(a) (b) (c)

(d) (e) (f )

Figure 3: Numerical simulation of overburden failure mode. (a) Open-off cut position; (b) working face advanced to 52 (m); (c) working
face advanced to 66 (m); (d) working face advanced to 92 (m); (e) first periodic collapse of basic roof; (f ) second periodic collapse of basic
roof.
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3. Relationship between Support and
Surrounding Rock and Calculation of
Support Resistance

With the increase of mining height, the failure range of
overlying strata and the degree of motion instability in-
crease, which will cause the increase of mining pressure.
+erefore, under the condition of fully mechanized mining
with large mining height, the interaction between support
and surrounding rock is the key problem related to the
influence of roof breaking and instability on support and the
determination of reasonable working resistance of support.

According to the above analysis, after ignoring the in-
fluence of the floor, the interaction system of the sur-
rounding rock of the support in the fully mechanizedmining
face with large mining height is composed of the support-
combined cantilever beam structure-nonhinged roof
structure-hinged roof structure, as shown in Figure 5.

+e working state and supporting quality of the support
affect the stability of the combined cantilever beam structure
and the nonhinged roof structure, and the stability of the
latter two in turn affects the support. As the external con-
dition of the support, the combined cantilever beam
structure and the nonhinged roof structure system, the
hinged roof structure has a significant impact on its stability.
Due to the existence of the influence angle of the coal wall
support in the stope and the fact of the continuous ad-
vancement of the working face, the rotation of the hinged
roof structure is uncontrollable. +erefore, the motion and
action of the hinged roof are dominant in the interaction
system of the surrounding rock of the support.

+is structural model is derived under the condition of
the hard roof of Jinhuagong Coal Mine. +e overburden
structure is also the form of expression under the most
difficult conditions of rock formation control in the large
mining height face, and it describes the temporal and spatial
characteristics of the overburden movement instability in
the large mining height and large mining space. However, as
analyzed above, with the change of the lithological condi-
tions of the overlying rock roof, the structure of the over-
lying rock will also change. For example, when the direct
roof lithology is weak rock formations such as mudstone and
shale, the lower composite cantilever structure will not exist,
and when the thickness of the weak direct roof rock layer is
very thick, the nonhinged roof will also not exist. +erefore,
the structural characteristics of the thick coal seam and large
mining height overlying rock should be analyzed in detail
according to the specific conditions of the overlying rock. To
sum up, this structural model is also a general model of
overlying strata structure in large mining height stopes in
thick coal seams.

3.1. Interaction between Roof Combined Cantilever Beam
Structure and Support. Before the breaking and instability of
the key strata above, the support of the working face mainly
bears the structural action of the combined cantilever beam
of the direct roof strata. +e stress model of the support of
the working face and the combined cantilever beam of the
direct roof strata in the coal seam with large mining height is
shown in Figure 6.

In Figure 6, PZ is the support resistance of working face,
and c is the distance between the support resistance action
point and the roof fracture line position (generally located in
the coal wall position). H11∼ h1k are the layered thickness of
combined cantilever beam structure, respectively. α11∼α1k
are the layered fracture angles of the combined cantilever
beam roof, respectively. k is the total number of combined
cantilever rock strata. P11∼P1k are the layered weight of
combined cantilever beam structure, respectively. l11∼l1k are
the layered fracture sizes of combined cantilever beam
structure, respectively. Rx is the force of overlying rock above
combined cantilever beam on combined cantilever beam
structure. lx is the distance between overburden force above
combined cantilever beam and roof fracture line.

Taking the moment of O point in the graph, the equi-
librium conditions of the immediate roof combined canti-
lever beam structure are calculated as follows:

Pzc≥
1
2
P11 h11 cot α11 + l11(  + P12

1
2
h12 cot α12 +

1
2
l12 + h11 cot α11 

+ · · · + P1k

1
2
h1k cot α1k +

1
2
l1k + 

k−1

i�1
h1i cot α1i

⎛⎝ ⎞⎠ + Rx lx + 
k

i�1
h1i cot α1i

⎛⎝ ⎞⎠.

(1)

Hinged roofing

Non-hinged roofing

Combined
cantilever beam

Figure 4: Roof structure model of large mining height working
face.
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Among them: h1i is the i layer thickness of combined
cantilever beam roof, while i is the sequence number of
layered roof.

After the consolidation of formula (1), the stability
condition of the combined cantilever beam roof structure in
coal seam with large mining height is obtained as follows:

Pzc≥
1
2



k

i�1
P1i h1i cot α1i + l1i(  + 

k

j�2


j−1

i�1
P1jh1i cot α1i

+ Rx lx + 
k

i�1
h1i cot α1i

⎛⎝ ⎞⎠.

(2)

It can be seen from formula (2) that the stability con-
ditions of the roof combined cantilever beam structure are
not only related to the weight, thickness, fracture angle, roof
fracture size, and the bearing capacity of the working face
support itself and the position of the action point of the
multilayer roof of the cantilever beam structure, but also
affected by the indirect force of the overlying strata of the
combined cantilever beam structure and the position of the
action point.

Before the overlying strata of the roof combined can-
tilever beam structure are unstable and broken, the force of
the complete roof structure of the overlying strata on the
broken roof combined cantilever beam structure can be
ignored, namely, Rx � 0.

According to formula (2), the support resistance under
the critical instability condition of the roof combined
cantilever beam structure in the working face of large mining
height coal seam can be determined as

Pz �
1
2c



k

i�1
P1i h1i cot α1i + l1i(  + 2

k

j�2


j−1

i�1
P1jh1i cot α1i

⎡⎢⎢⎣ ⎤⎥⎥⎦. (3)

By formula (3), the support resistance of the combined
cantilever beam roof structure of the working face in the
largemining height coal seammainly depends on the weight,
thickness, fracture angle, roof fracture size, and the position
of the working face support resistance.

When the roof fracture angle takes a certain value, the
relationship between the support resistance and the position
of the support action point is shown in Figure 7.

It can be seen from Figure 6 that, under certain roof
fracture angle, the support resistance of the working face
decreases with the increase of the distance between the
position of the support action point and the roof fracture
line, which is easy to understand from the perspective of the
torque balance of the roof combined cantilever beam
structure. It can also be seen that the support resistance of
the working face tends to decrease with the increase of the
roof fracture angle, but with the increase of the position
distance of the support action point, the variation gradient of
the support resistance of the working face increases with the
increase of the roof fracture angle.

3.2. Interaction between Roof Nonhinged Structure and
Combined Cantilever Beam Structure. +e stress charac-
teristics of nonhinged roof structure are shown in
Figure 8.

From Figure 8, it can be seen that the nonhinged roof
structure is not only affected by the weight of its own rock
strata and overburden load, but also supported by the
cantilever beam structure from the lower roof and the caving
gangue in the goaf. At this time, the roof structure maintains
balance and stability under the synergy of various forces.+e
O point moment of the nonhinged roof composite structure
is taken, and the mechanical equilibrium conditions of the
roof structure are obtained as follows:

Figure 5: +e relationship between support surrounding rock of fully mechanized working face with large mining height.

P1k
h1kl1k

P12
l12

P11
l11

h12

h11

α1k

α12

α11

c
O

lx Rx

Pz

Figure 6: Roof combined cantilever beam structural model.
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Rxlx + Ryly ≥
1
2
P21 h21 cot α21 + l21(  + P22

1
2
h22 cot α22 +

1
2
l22 + h21 cot α21 

+ · · · + P2k′
1
2
h2k′ cot α2k′ +

1
2
l2k′ + 

k′−1

i�1
h2i cot α2i

⎛⎝ ⎞⎠ + R1
1
2
l1 + 

k′

i�1
h2i cot α2i

⎛⎝ ⎞⎠.

(4)

Among them: Rx and Ry are the force of the lower
combined cantilever beam and the goaf caving gangue on the
overlying nonhinged roof structure. lx and ly are the distance
between the forces Rx, Ry andO′ point. R1 and l1 are the force
and position of action point of overlying strata on non-
hinged roof structure. k′ is the total number of nonhinged

roof layers. P2i, l2i, h2i, and α2i are the weight, length,
thickness, and fracture angle of the i-stratification of non-
hinged roof structure; i value is 1∼ k′.

After combining formula (4), the stability condition of
nonhinged roof structure is obtained as follows:

Rxlx + Ryly ≥
1
2



k′

i�1
P2i h2i cot α2i + l2i(  + 

k′

j�2


j−1

i�1
P2jh2i cot α2i + R1

l1
2

+ 
k′

i�1
h2i cot α2i

⎛⎝ ⎞⎠. (5)

It can be seen from formula (5) that the load from the
overlying rock of the roof structure and the weight of the
structure itself maintain a certain balance under the

combined action of the lower combined cantilever beam
structure and the falling gangue in the goaf. Under certain
roof overburden load conditions, there is an inverse

Roof fracture angle 30°

Roof fracture angle 60°

Roof fracture angle 90°
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Figure 7: +e relationship between support resistance and point action.
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Figure 8: +e model of nonhinged roof structure.
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correlation between the force of the combined cantilever
beam structure on the working face and the support force of
the gangue in the goaf. Improving the support effect of the
gangue in the goaf will play a positive role in reducing the
force of the combined cantilever beam structure.

From formula (5), the bearing relationship of roof
combined cantilever beam structure and goaf caving gangue
on overlying nonhinged roof structure is satisfied:

Rxlx + Ryly �
1
2


k′

i�1
P2i h2i cot α2i + l2i(  + 

k′

j�2


j−1

i�1
P2jh2i cot α2i. (6)

Combined with goaf gangue support force calculation
formula (7):

Ry � λ
k′

i�1
P2i. (7)

According to the stability condition of roof combined
cantilever beam shown in formula (2), the support resistance
of working face under the critical instability condition of
nonhinged roof structure is

Pz �
(1/2) 

k
i�1 P1i h1i cot α1i + l1i(  + 

k
j�2 

j−1
i�1 P1jh1i cot α1i + Rx lx + 

k
i�1 h1i cot α1i  

c
. (8)

+e stress characteristics of ‘working face support-goaf
gangue-roof combined cantilever beam structure-roof
nonhinged structure’ are shown in Figure 9.

+e working face support is stable under the combined
action of overburden roof weight and goaf gangue. Com-
bining formula (2) and formula (5), the support resistance
under the action of nonhinged roof structure is calculated as

Pz �
G1 + G2 + G3( 

c
. (9)

Among them:

G1 �
1
2



k

i�1
P1i h1i cot α1i + l1i(  + 

k′

i�1
P2i h2i cot α2i + l2i( ⎡⎢⎣ ⎤⎥⎦,

G2 � 
k

j�2


j−1

i�1
P1jh1i cot α1i + 

k′

j�2


j−1

i�1
P2jh2i cot α2i,

G3 �
1
lx

1
2



k′

i�1
P2i h2i cot α2i + l2i(  + 

k′

j�2


j−1

i�1
P2jh2i cot α2i − Ryly

⎡⎢⎢⎣ ⎤⎥⎥⎦ 

k

i�1
h1i cot α1i

⎛⎝ ⎞⎠ − Ryly.

(10)

Among them: G1, G2, and G3 are the working resistance
components related to the weight of overburden roof, the
relevant geometric dimensions, the gangue force in goaf, and
the position of action point, respectively.

3.3. Interaction between Roof Articulated Structure and
Nonarticulated Structure. Considering that the allowable
deflection space of overlying rock at the layer position of
hinged roof structure is limited, and the force distribution
between the roof layers is relatively uniform, the force be-
tween the hinged roof layers is simplified as the concentrated
load acting on the middle of the layered fracture block, and
the mechanical model is established with two key rock
blocks as the research objects, as shown in Figure 10.

In the figure, P1 and P2 are the loads (including self-
weight) borne by the block. θ1 and θ2 are the rotation angles
of two adjacent blocks, respectively. w1 and w2 are the
subsidence of the two blocks, respectively.QA andQC are the

friction forces on the block contact surface. R1 and R2 are the
support forces of the two blocks under the lower rock
stratum, respectively. l1 and l2 are the fracture lengths of the
two blocks, respectively. T is the horizontal thrust between
block structures.

+e geometric relations of the block structure in the
process of motion are satisfied:

w1 � l1 sin θ1,

w2 � l1 sin θ1 + l2 sin θ2,

a1 �
1
2

h − l1 sin θ1( ,

a2 �
1
2

h − l2 sin θ2( .

(11)

Among them: h is the thickness of broken roof strata. a1
and a2 are the length of the extrusion contact surface
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between the two blocks, respectively. Since the contact
between the broken blocks under strong extrusion force is a
plastic hinge relationship, it is assumed that the position of
the action point of the horizontal thrust is half of the length
of the extrusion contact surface.

+e hinged roof structure is in equilibrium under the
combined action of surrounding rock load. According to the
equilibrium conditions in the vertical direction of the
structure:

P1 + P2 � QA + R1 + R2 + Qc. (12)

According to the moment equilibrium conditions
MA � 0 and MB � 0 at A and B points in the graph, the
following results are obtained:

1
2

Ta1 +
1
2
P1l1 + P2 l1 +

1
2
l2  − T

1
2
a2 − w2 

− Qc l1 + l2(  − R2 l1 +
1
2
l2  − R1l1 � 0,

(13)

1
2
P2l2 + T w2 − w1 + h − a2(  − Qcl2 −

1
2
R2l2 � 0. (14)

For ease of description, i1 � h/l1 and i2 � h/l2 are set here
to reflect the block size of the broken block. +e smaller the
value is, the larger the length of the broken block is.
Combining formulas (13) and (14), the extrusion force
between the broken blocks and the friction force on the
extrusion surface are calculated as follows:

T �
2 P1 − 2R1 + P2 − R2( 

2 i1 + i2(  + 6 + i1/i2( sin θ2 − 3 sin θ1
,

Qc �
P1 − 2R1 + P2 − R2(  3 sin θ2 + i2( 

2 i1 + i2(  + 6 + i1/i2( sin θ2 − 3 sin θ1
+
1
2

P2 − R2( ,

QA � P1 − R1 +
1
2

P2 − R2(  −
P1 − 2R1 + P2 − R2(  3 sin θ2 + i2( 

2 i1 + i2(  + 6 + i1/i2( sin θ2 − 3 sin θ1
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

It can be seen from the calculation of the whole structure
of the masonry beam that R2 �1.03P2, and because the right
block is clamped by the overlying rock roof and the falling
gangue in the goaf, the stress characteristics in the vertical
direction of the block can be approximately expressed as

R2 � P2. In the process of coal seammining, the roof periodic
breaking, due to the change of roof occurrence conditions, is
small; the roof periodic breaking step distance is basically the
same, so here take l1 � l2; the stress characteristics of hinged
block of overburden roof are

c

P21
h21l21

Ry

Pz

h11l11

a11
P11

lx
l/y

P2k'
h2k'l2k'

a2k'

a21

Figure 9: Nonhinged roof structure of bearing system under stress.
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Figure 10: +e movement structure and force of two key blocks.
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T �
2 P1 − 2R1( 

4i + 7 sin θ2 − 3 sin θ1
, (16)

Qc �
P1 − 2R1(  3 sin θ2 + i( 

4i + 7 sin θ2 − 3 sin θ1
, (17)

QA � P1 − R1 −
P1 − 2R1(  3 sin θ2 + i( 

4i + 7 sin θ2 − 3 sin θ1
. (18)

Among them, i � i1 � i2.
+e mechanical characteristics of the bearing system of

‘working face support-goaf caving gangue-roof composite
suspension beam-nonarticulated roof-articulated roof’ are
shown in Figure 11.

+e discussion of roof nonhinged structure and com-
bined cantilever beam structure has been discussed in the

previous paper, so this paper focuses on the analysis of
overburden hinged roof structure. +e roof hinged structure
maintains balance and stability under the weight of over-
lying strata, surrounding rock support, and extrusion force.
+e structural stress characteristics are shown in Figure 12.

In the figure, R1 is the force of the lower nonhinged roof
structure on the hinged roof. k″ is the total number of layers
of hinged roof. P3i, l3i, h3i, and α3i are the weight, length,
thickness, and fracture angle of the i-stratification roof of
hinged roof structure; i value is 1 ∼ k″. QA k″ and QB k″ are
the friction forces on the extrusion surface of the hinged roof
breaking block, respectively. T3 k″ is the extrusion force on
the extrusion surface of the broken block.

Similarly, according to the moment equilibrium con-
dition of the hinged roof structure, the calculation results are
as follows:

1
2


k′ ’

i�1
T3ia3i + 

k′ ’

j�2


j−1

i�1
T3jh3i − 

k′ ’

j�2


j−1

i�1
QAjh3i cot α3i + P1

l3k′ ’
2

+ 
k′ ’

i�1
h3i cot α3i

⎛⎝ ⎞⎠ +
1
2


k′ ’

i�1
P3ih3i cot α3i

+
1
2



k′ ’

i�1
P3il3i + 

k′ ’

j�2


j−1

i�1
P3jh3i cot α3i − 

k′ ’

j�2


j−1

i�1
QBjh3i cot α3i − 

k′ ’

i�1
QBil3i − 

k′ ’

j�1


j

i�1
T3jh3i + 

k′ ’

i�1
T3iw3i +

1
2



k′ ’

i�1
T3ia3i −

1
2
R1l31 � 0.

(19)

+e force of the roof hinge structure on the lower strata is

R1 �


k″
i�1 2T3i a3i − h3i + w3i(  + P3i + 2P1( h3i cot α3i + P3i − 2QBi( l3i  + 2j�2

j−1
i�1 P3j − QAj − QBj h3i cot α3i + P1l3k′ ’ 

l31
. (20)
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h2ḱ
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P11a11

a21 l21
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h3k''
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Figure 11: Rock movement characteristics under the hinged roof structure.
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3.4. Determination of Working Resistance of Support in
Working Face. +e stress of stope support comes from the
effect of direct roof weight and basic roof movement on
support. +e overlying strata structure of support in fully
mechanized mining face with large mining height is com-
posed of hinged roof structure, nonhinged roof structure,
and combined cantilever beam structure. +e instability
movement of a certain structure will have an impact on the
support of working face, which is reflected in the strata
behavior of working face, mainly the change of support
working resistance. +erefore, the support resistance should

be able to adapt to the change of instability movement of
overburden structure, bearing the weight of structure itself
and the additional load generated by movement. Based on
the analysis of the previous sections and formulas (2), (5),
and (18), the calculation formula of working resistance of
working face support is

Pz � p1 + p2 + p3 + p4. (21)

Among them:

p1 �
(1/2) 

k
i�1 P1i h1i cot α1i + l1i(  + 

k
j�2 

j−1
i�1 P1jh1i cot α1i + 

k′
j�2 

j−1
i�1 P2jh2i cot α2i +(1/2) 

k′
i�1 P2i h2i cot α2i + l2i(  − Ryly

c
,

p2 �
1

cl31

l31

2
+ 

k′

i�1
h2i cot α2i

⎛⎝ ⎞⎠ 2

k″

j�2


j−1

i�1
P3j − QAj − QBj h3i cot α3i + P1l3k″ + 

k″

i�1
2T3i a3i − h3i + w3i(  + P3i + 2P1( h3i cot α3i

⎧⎪⎨

⎪⎩

+ P3i − 2QBi( l3i
⎫⎬

⎭,

p3 �
1

clx

1
2



k′

i�1
P2i h2i cot α2i + l2i(  + 

k′

j�2


j−1

i�1
P2jh2i cot α2i − Ryly

⎡⎢⎢⎣ ⎤⎥⎥⎦ 

k

i�1
h1i cot α1i,

p4 �
1

cl31lx

l31

2
+ 

k′

i�1
h2i cot α2i

⎛⎝ ⎞⎠ 

k

i�1
h1i cot α1i

⎡⎢⎢⎣ ⎤⎥⎥⎦ 2

k″

j�2


j−1

i�1
P3j − QAj − QBj h3i cot α3i + P1l3k″

⎧⎪⎨

⎪⎩

+ 

k″

i�1
2T3i a3i − h3i + w3i(  + P3i + 2P1( h3i cot α3i + P3i − 2QBi( l3i 

⎫⎬

⎭.

(22)

Among them: p1 ∼ p4 are the support resistance
components of working face under articulated roof
structure.

It can be seen that p1 is mainly the component of support
resistance caused by the combined cantilever beam of
overlying strata, the weight of rock strata of nonhinged roof
structure, and the support effect of gangue in goaf, p2 is
mainly the resistance component caused by the weight of
hinged roof strata and the interaction between hinged
broken blocks, p3 is mainly caused by the nonhinged roof

structure and the additional effect of goaf caving gangue, and
p4 mainly comes from the additional effect during the
movement of hinged roof breaking block.

4. Case Analysis

4.1. Determination of the Working Resistance of the Support.
Based on the mining conditions of No. 8218 large mining
height coal seam face of Jinhuagong Coal Mine, combined
with the research on the interaction relationship between the
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Figure 12: +e force characteristic of hinged roof structure.
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abovementioned overlying rock structure and the support,
the characteristics of the overlying rock structure of the coal
roof are analyzed, and the support resistance of the working
face is calculated. To provide reference for analyzing the
appearance and mechanism of rock pressure on working face:

(1) Firstly, analyze the force of the combined cantilever
structure on the support of the working face under
the action of the combined cantilever beam struc-
ture. +e height of the roof composite cantilever
beam structure is about 26.1m. It can be determined
that the roof composite cantilever beam structure
under the coal seam mining conditions of Jinhua-
gong Coal Mine is composed of the first to sixth
layered roofs above the coal seam. +e physical and
mechanical characteristics of the roof composite
cantilever structure rock are shown in Table 4.
Substituting the relevant data in Table 4 into formula
(3), the change characteristics of the support resis-
tance of the working face with the roof fracture angle
are obtained, as shown in Figure 13.
Results that have been achieved have shown that the
fracture angle of sandstone roofs is generally 85∼90°,
and the fracture angle in the physical simulation is
85°. +erefore, according to the conditions of Jin-
huagong Coal Mine and the physical simulation test,
the fracture angle of 85° is selected for the calculation
of the working resistance. +e other parameters are
shown in Table 4. Only the role of the combined
cantilever structure is considered, and the support
resistance of the working face is about 12MN.

(2) +e nonhinged roof structure of No. 8218 high
mining height coal seam is composed of the
7th∼10th roof stratification of the overlying rock,
and its physical and mechanical characteristics are
shown in Table 5.
+e relevant data in Table 5 are substituted into
formula (5). If the hinged structure of the overlying
rock roof is stable, and the fracture angle of the
nonhinged roof is 85 ∼ 90°, the support resistance of
No. 8218 working face with large mining height
should be between 12 and 13MN when the com-
bined cantilever beam and the nonhinged roof
structure are considered.

(3) Finally, the stress of working face support under
the action of articulated roof structure is analyzed.
+e hinged roof structure of working face is the
masonry beam structure after the broken roof of
No. 11 fine medium coarse sandstone, and its
physical and mechanical characteristics are shown
in Table 6.

+e relevant data is substituted into formula (18) to
calculate the force on the lower strata when the hinged roof
structure is stable:

R1 � T31 sin θ1 − i31(  + P31 + 2P1( i31 cot α31
+ P31 − 2QB1 + P1( .

(23)

According to formulas (16)∼(18) and the equilibrium
condition in the vertical direction of the rock stratum, the
extrusion force between the broken blocks of the hinged roof
and the friction force on the extrusion contact surface are
calculated as follows:

T31 �
2 P1 + P31 − 2R1( 

4i31 + 7 sin θ2 − 3 sin θ1
, (24)

QB1 � P31 +
P1 − 2R1(  3 sin θ2 + i31( 

4i31 + 7 sin θ2 − 3 sin θ1
. (25)

Among them, i31 � h31/l31.
Combined with the above calculation results, the support

resistance of No. 8218 fully mechanized working face with
large mining height should be between 13 and 15MN.
+erefore, the reasonable support working resistance of No.
8218 large mining height working face in Jinhuagong Coal
Mine should not be less than 15MN.

4.2. Working Face Support Selection. No. 8210 fully mech-
anized mining face with large mining height is the second
large mining height working face in mine mining. Its po-
sition is the same as No. 8218 large mining height working
face in No. 402 panel of 12 # coal seam, and the same coal
seam is mined. In order to prevent similar crushing acci-
dents in No. 8210 large mining height working face, and
taking into account the existing equipment in the mining
area, the ZZ13000/28/60 hydraulic support produced by
Shanxi Pingyang Heavy Industry Machinery Co., Ltd., is
selected in No. 8210 working face. +e main technical pa-
rameters, as shown in Table 7, are supplemented by ad-
vanced blasting presplitting roof control technology
measures to control the roof.

4.3. ;e Measured Analysis of Strata Behaviors. +e ground
pressure behavior of No. 8210 working face with large
mining height was measured on-site.+e automatic pressure
recorder of Youluoka fully mechanized coal mining was
used to continuously record the pressure behavior of the
support in the working face. According to the difference of
strata behaviors in the inclined direction of the working face,
the working face is divided into three measuring areas. Five
measuring lines are arranged at the positions of 25 #, 40 #, 55
#, 70 #, and 80 # supports in the central measuring area, and
onemeasuring line is arranged at the positions of 10 # and 89
# supports at both ends, as shown in Figure 14.

+e measured results show that the average end resis-
tance of the support in the working face is 8731 kN, ac-
counting for 67.2% of the rated working resistance of the
support (13000 kN). During roof weighting, the maximum
working resistance of working face support is 12611 kN,
accounting for 97.0% of the rated working resistance of
support. +e average time-weighted working resistance of
the support is 8540 kN, accounting for 65.7% of the rated
working resistance of the support, and themaximum value is
11186 kN. +e maximum time-weighted resistance is about
86.1% of the rated resistance of the support in the working
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Table 6: +e physical and mechanical characteristics of the hinged roof structure of No. 8218 large mining height working face.

Serial
number Lithologic characters Density

kg/m3
+ickness

(m)

Antitension
degree
(MPa)

Roof by
force
(MPa)

Breaking step
distance (m)

Broken blocks weight
(MN)

13 Moderate coarse
sandstone 2685 3.8 5.27 0.26 20.86

12 Grit stone 2647 5.4 6.22 0.40 23.64
11 Fine sandstone 2732 11.4 4.06 0.68 36.93 10.24

Table 4: +e physical and mechanical characteristics of the roof combination of cantilever structure of No. 8218 large mining height
working face.

Serial number Lithology Density kg/m3 +ickness (m) Tensile strength
(MPa)

Top plate force
(MPa)

Breaking step
(m)

Weight of broken
block (MN)

6 Fine sandstone 2438 1.60 4.06 0.09 4.90 1.21
5 Sandy shale 1426 3.10 2.47 0.11 1.56 0.32
4 Medium sandstone 2453 9.20 5.21 0.22 3.80 1.66
3 Coarse sandstone 2683 9.00 6.22 0.44 15.47 3.40
2 Fine sandstone 2645 2.30 4.06 0.59 8.88 1.34
1 Sandy shale 2468 0.90 2.47 0.05 3.43 0.16
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Figure 13: +e relationship of stent resistance and the roof fracture angle of combination cantilever (c� 5.5m).

Table 5: +e physical and mechanical characteristics of the nonhinged roof structure of No. 8218 large mining height working face.

Serial number Lithologic characters Density kg/m3 +ickness (m) Tensile strength
(MPa)

Roof stress
(MPa)

Break step
(m)

Broken block weight
(MN)

0 Coal seam 1423 1.22 3.13 0.01 3.45 0.30
9 Sandy shale 2514 5.22 2.47 0.19 17.11 5.79
8 Coal seam 1423 0.96 3.13 0.24 30.89 7.42
7 Sandy shale 2514 5.21 2.47 0.19 17.11 5.79

Table 7: +e main support technical parameters of the ZZ13000/28/60.

Pattern Four-column support shield
Height (lowest/highest) 2800/6000mm
Width (minimum/maximum) 1660/1860mm
Center distance 1750mm
Setting load 10128 kN
Working resistance 13000 kN
Specific pressure in front of bottom plate 1.0∼3.5MPa
Support strength 1.24∼1.28MPa
Pumping station pressure 31.5MPa
Maneuverability pattern +e control of this frame
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face. It shows that, during the normal mining period of the
working face, the support ability of the working face is high,
which can meet the control requirements of the roof of the
coal seam with large mining height, and there is no frame
crushing accident in the working face, and the support ef-
ficiency is fully exerted.

In summary, the selected ZZ13000/28/60 four-column
support shield hydraulic support can meet the roof control
requirements of No. 8210 large mining height working face.

5. Conclusions

(1) In the mining process of large mining height
working face, the immediate roof of overlying strata
exists in the form of combined cantilever beam.With
the increase of caving height, the caving gangue
gradually fills the goaf space.+e bending subsidence
of the broken block of the overlying strata of the
combined cantilever beam is supported by the caving
gangue. At this time, the allowable subsidence space
of the goaf exceeds the allowable subsidence of the
limit extrusion between the broken blocks of the
roof, and the hinged rock-beam structure cannot be
formed between the blocks. +is part of the rock
exists in the form of nonhinged structure. Because
the broken block of the nonhinged structure rock is
large and the arrangement is regular after collapse,
when the rock above the nonhinged structure is
broken, the extrusion pressure between the broken
blocks is relatively large, and finally the articulated
roof structure is formed. +e overlying strata roof of
fully mechanized mining face with large mining
height presents the morphological characteristics of
‘combined cantilever beam structure-nonhinged
roof structure-hinged roof structure’.

(2) When the working face with large mining height is
mined, the overlying strata have a large range of
movement and collapse, and the different lithology
characteristics of the roof strata lead to the new
characteristics of the overlying strata structure. +e
roof strata between the support and the hinged roof
structure cannot be simply regarded as the imme-
diate roof. +e interaction system between the
support and the surrounding rock is composed of the
hinged roof structure-the nonhinged roof structure-
the combined cantilever beam structure-the support.
+e stability of the overburden structure and its

influencing factors are studied. According to the
principle of the interaction between the support and
the surrounding rock, the support resistance should
be able to adapt to the change of the instability
movement of the overburden structure, bearing the
weight of the structure and the additional load
generated by the movement, and the calculation
formula of the support resistance of the working face
is obtained.

(3) +e reasonable support resistance of hydraulic
support in No. 8210 large mining height working
face is determined.+e field observation results show
that the selected ZZ13000/28/60 four-column sup-
port shield hydraulic support can meet the re-
quirements of roof control. During the mining of the
working face, there was no support crushing accident
in the working face, and the rib spalling of the coal
wall was effectively controlled, which ensured the
safe mining of the working face with large mining
height and achieved significant economic and social
benefits.
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Water in coal pores can generate strong steam explosions when treated with microwave irradiation. In order to improve the
sensitivity of coal reservoirs to microwaves, we used varying concentrations of NaCl on the pore solution, which further
increased the effect of microwaves on permeability enhancement. In our experiments, we selected 3 ratios of water content and
5 different concentrations of NaCl. The changes of coal water content and permeability before and after irradiation were
compared. In addition, changes in coal surface temperature and internal thermal power were analyzed through thermal
imaging and random sphere numerical modeling. Results showed that the increase of the proportion of solution mass and the
ion concentration in the solution improved the overall dielectric properties of coal rock samples. After microwave irradiation,
the average reduction rate of water content in coal rock samples increased with the increase of ion concentration in the
solution. Both the average surface temperature of the coal rock samples and the average electromagnetic heating power
gradually increased; this increases the temperature rise rate and maximum temperature of coal rock samples under the same
irradiation time, which is conducive to better rapid accumulation of steam pressure, thereby improving the pore structure
more effectively. Finally, the maximum growth rate of permeability reached 466.18%. This work provides a novel train of
thought to enhance coal permeability by using microwave irradiation.

1. Introduction

Recent development of clean energy technologies, the
impact of Covid-19, and the significant reduction in coal
demand by OECD countries have resulted in reduction in
global coal consumption. In 2019, consumption decrease
was of 0.6%. In addition, its share of primary energy reached
the lowest level in 16 years (27%) [1]. The International
Energy Agency (IEA) also predicted that the use of coal will
continue to decline in the future [2]. Nevertheless, 3.90 bil-
lion tons of standard coal were produced in China in 2020.
Thus, coal still plays a dominant role in China’s primary
energy structure [3], accounting for about 60% [4]. In coal
underground mineral deposits, the working faces gradually
shift to the deeper part of the formation as mining opera-

tions progress to deeper levels. Also, coal and gas explosions
may cause serious injuries to the personnel [5], events that
are especially catastrophic [6]. In coal mines, gas has become
an important factor restricting the efficiency of mining activ-
ities [7, 8]. At the same time, coalbed methane is an efficient
and clean energy [9]. The estimated amount of China’s shal-
low coalbed methane resources at 2000 meters and above is
36.81 trillion cubic meters. Therefore, it is likely that the
exploitation of coalbed methane will be safe and of great
energy benefit [10, 11].

Enhancement of coal seam permeability is generally car-
ried out by hydraulic fracturing [12, 13]. In the case of Xin-
jiang, China, there is a reduced water supply [14] as well as
arid and semiarid [15, 16] environments. Therefore, there
is an urgent need for new options that enhance the
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permeability of coal reservoirs. Multiple studies have shown
that microwave can effectively increase the porosity and per-
meability of coal reservoirs [17–19]. It has also been deter-
mined that high-pressure water vapor (microwave
frequency 2.45GHz, microwave power 1 kW, irradiation
time 240 s, coal sample temperature 222°C, relative atmo-
spheric pressure 1.54 kPa) in the pore structure may cause
pore deformation, destruction, and interconnection [20,
21]. The moisture present in the coal reservoir displays a
dielectric loss greater than that in the coal matrix; therefore,
it may be selectively heated using microwaves [22–24]. We
have also previously shown that the water contained in coal
rocks can be quickly heated under microwave irradiation.
The water vapor that is formed in this process exerts a high

pressure on the inner wall of the pores, eventually destroying
the pore structure and increasing the connectivity [25].
Figure 1 displays the macro- and microprocesses of explo-
sion caused by water vapor contained in the coal; of course,
in the process of microwave heating, the cracks in the coal
are not only caused by steam pressure but also caused by
the imbalance of the thermal stress, the thermal decomposi-
tion of natural filler, and so on.

Coal, a porous medium, displays a limited water storage
capacity, as shown in Figure 2; with the extension of con-
stant temperature water bath time, the water content of the
three groups of coal rock samples increased more and more
slowly and finally reached the upper limit of their own water
storage. Therefore, there is always an upper limit to increase

Microwave
irradiation of coal

Frictional heat
generation of coal

moisture under
dielectric responseArea

magnification

Steam pressure leads
to coal fracture

External pressure
produced by

steam explosion
of evaporation
when moisture
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(a) Macroscopic (b) Microcosmic

Steam pressure

Coal matrix
Air Water

Figure 1: Explosion of water vapor contained in coal rocks after microwave heating.
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temperature 20°C).
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the permeability under microwave irradiation by increasing
the water content of coal. Previous studies have demon-
strated that microwaves are more efficiently absorbed in
solutions containing ions [26]. Microwave frequency dipole
polarization is considered the most important conversion
mechanism for microwave heating [27]. Once the solution
containing ions is placed in the microwave field, the ions fol-
low the alternating electric field and move rapidly and
repeatedly in changing directions [28]. The migration of
ions forms a current that is lost as thermal energy. There-
fore, the introduction of ions in the water can significantly
improve its microwave absorption performance.

Pickles et al. [29] studied the influence of magnetite on
the kinetics of microwave drying of low-order bituminous
coal. Results indicated that the addition of magnetite as
absorbent improved the process of microwave drying. Wang
et al. [30] used microwave heating for the pyrolysis of lignite.
These researchers demonstrated that, in the absence of addi-
tives, the temperature of lignite only reached about 200°C
after irradiation with a microwave power of 700W for 10
minutes. In contrast, the temperature of lignite significantly
increased when ferroferric oxide was used as absorbent. In
this case, the temperature of the sample reached 800°C after
3 minutes of irradiation at the same microwave power. Zhou
[31] found out that, when a 2.34% NaCl solution was added
to coal, the dielectric constant of this material rapidly
increased. As a consequence, the conversion efficiency of
microwave irradiation into heat was enhanced in 64%. Based
on these data, we consider increasing the ion concentration
of the aqueous solution present in coal in order to improve
its ability to absorb microwaves. The purpose of the present
research was to investigate the influence of the increase of
ion mass ratio and ion concentration on coal permeability
when this material was exposed to microwave irradiation.
We used physical and numerical experiments in order to
clarify the mechanism of permeability improvement when
microwave steam explosion is used.

2. Experimental Procedure

The experimental design (Table 1) consisted of 15 different
experimental conditions. Moisture content values were 2%,
4%, and 6%, and NaCl concentrations of 0 g/L, 16 g/L, 32 g/
L, 48 g/L, and 64 g/L were selected with only one replicate
per condition. The changes of physical parameters (includ-
ing coal permeability, water content, surface temperature,

and internal temperature) of the samples before and after
microwave irradiation were analyzed and compared.

Experiments consisted of two parts where coal permeabil-
ity was measured before (Part I) and after (Part II) microwave
irradiation under different conditions. The first step was to
weigh the mass of the coal rock sample Mg after it was
completely dried. The second step was to determine the initial
permeability of the coal sample before microwave irradiation
kq. The third step was to obtain the maximum moisture con-
tent of the coal sample ωi. In the fourth step, NaCl aqueous
solutions with different concentrations were prepared and coal
samples were soaked until saturation and air-dried until
proper moisture content was achieved. The fifth step was to
carry out the microwave irradiation treatment and record
the temperature afterwards. The sixth step was to test and
obtain the permeability of the coal sample after microwave
irradiation kh. The flow chart is shown in Figure 3.

2.1. Coal Sample Preparation. Cylindrical coal samples with
a diameter of 25mm and a height of 25mm were obtained
from the Fukang mining area located in Xinjiang, China.
Then, unified cylindrical coal rock samples with a height of
25mm and a diameter of 25mm were made. The coal rock
samples were labeled with numbers 1 to 15. Materials were
dried for 6h at a temperature of 110°C using the ZK-2020 vac-
uum drying oven produced by Chongqing Wuhuan Test
Instrument Co., Ltd. Later, inspection drying was carried out
and continued for 1 hour each time. Coal samples were con-
sidered to be completely dried when the mass of the coal sam-
ple was reduced by no more than 2% after two consecutive
dryings. The weighing record of massMg is shown in Table 2.

2.2. Pore Parameter Measurements. In order to determine
the permeability of the dried coal rock samples, we used
the AP-608 overburden porosity-permeability tester devel-
oped by Coretest, an American rock core experiment system
company. The confining pressure during the test was set to
500 PSI (3.4475MPa), the osmotic pressure was set to
200 PSI (1.379MPa), the test gas was high-purity nitrogen,
and the transient method was used for measurement.
Table 3 displays the basic permeability parameters kq of coal
rock samples before microwave irradiation.

2.3. Determination of the Content of Saturated Water.
Completely dried coal rock samples were placed into the
HH-XMTD203 water bath (Jiangsu Kexi Instrument Co.,
Ltd.) for saturation with distilled water. Water temperature
was set up to 20°C and the saturation time to 60 minutes.
The mass of the saturated sample was recorded as Ms. After
weighing, the maximum moisture content ωk,j was calcu-
lated using the mass of completely dried coal rock samples
Mg, as shown in the following equation.

ωk,j =
Ms −Mg

Mg
× 100%: ð1Þ

Because there is an upper limit on the water retention of
different coal rock samples, the experiment requires that the

Table 1: Experimental design.

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0 1 1 1

P2 = 16 1 1 1

P3 = 32 1 1 1

P4 = 48 1 1 1

P5 = 64 1 1 1
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coal rock samples can store 6% of water, so we tested the
upper limit of water retention of each coal rock sample, as
shown in Table 4. It is found that the upper limit of water
saturation of all the coal rock samples is greater than 6%,
so all coal rock samples meet the experimental requirements.

2.4. Preparation of Coal Samples Containing NaCl Solution.
Dried coal samples were soaked in 50mL of different NaCl
concentrations until saturation. Later, corresponding mois-

ture content was achieved after air-drying. In general, after
air-drying occurs, part of the water evaporates and the NaCl
remains in the sample. As a result, NaCl concentration in the
coal pores gradually increases, resulting in a final concentra-
tion higher than the preset value. Therefore, in order to
determine the NaCl mass (g) that should be added to
50mL of water, we considered the saturated moisture con-
tent ωk,j of each coal sample, the preset moisture content
Qj of the experimental scheme, and the preset NaCl

Table 3: Initial permeability (mD) of coal rock samples.

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0 0.9977 0.5614 0.2401

P2 = 16 0.5083 0.2245 0.1625

P3 = 32 0.3460 0.2225 0.1525

P4 = 48 0.2344 0.1803 0.1490

P5 = 64 0.2288 0.1567 0.0835

Table 4: Maximum moisture content (%) of coal rock samples ωk,j.

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0 9.12 9.87 9.94

P2 = 16 8.86 9.26 10.43

P3 = 32 10.05 9.20 10.13

P4 = 48 9.18 9.98 10.86

P5 = 64 9.19 9.56 10.61

Table 5: Time of microwave irradiation to coal rock samples (s).

NaCl concentration, Pk (g/L)
Moisture content Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0 29 32 32

P2 = 16 27 34 31

P3 = 32 20 30 33

P4 = 48 28 27 31

P5 = 64 29 29 29

Table 2: Mass (g) of completely dried coal samples.

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0 12.453 13.576 13.605

P2 = 16 11.389 14.323 13.059

P3 = 32 8.348 12.699 14.050

P4 = 48 11.759 11.625 13.012

P5 = 64 12.325 12.235 12.211

(a)

(d)

(c)

(b)

(g)(f)

Test process 1 : Permeability test of original
coal rock sample

Test process 2 : Permeability test of coal and rock
samples under different conditions

(a) Coal sample; (b) ZK-2020 vacuum drying oven; (c)
Electronic balance; (d) Newsail commercial microwave oven;
(e) Water saturation of samples under different conditions;
(f) AP-608 overburden porosity-permeability tester; (g)
Infrared imaging thermometer.

(a)

(b) (c)

(d)

(f)

(a)

(e) (d)

(g)

(f) (b)

(e)

Figure 3: Permeability test flow chart.
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concentration Pk. The formula is deduced as follows: (1)
soak the coal pillar in pure water until the water is saturated
and record the water saturation mass of the coal pillar asMs;
(2) the salt added to the water is calculated as ðMg ×QjÞ/
50 × Pk; (3) the mass of water that can be stored in coal rock
samples is calculated asMs −Mg; and (4) the formula for the
mass of NaCl to be added for soaking 50mL water of coal
pillar is shown in the following equation.

NaCl50ml =
Mg ×Qi × Pk

Ms −Mg
: ð2Þ

The calculated NaCl mass was used to prepare the corre-
sponding NaCl aqueous solution, and the coal rock samples
were soaked to reach a water-saturated state. Then, the sam-
ples were air-dried. During the drying process, when the coal
sample mass reached 1.06, 1.04, and 1.02 times the value of
the quality control, that is, the completely dried mass Mg,
coal samples with different NaCl concentrations at moisture
content of 6%, 4%, and 2% were obtained.

2.5. Determination of Microwave Irradiation Duration.
Throughout its formation, coal is affected by long-term high
temperature and high pressure environments, the diversity
of coal-forming plants, and complex physical and chemical
changes. This leads to high coal heterogeneity, and thus,
the mass of each sample is slightly different. Differences in
individual weight of the samples may cause variations in
the absorption of microwave energy by the coal rocks. In
order to eliminate these potential variations, the irradiation
time was calculated using the following equation.

Ti,j =
Mg

MA
× 30: ð3Þ

For the microwave experiment, we used the Newsail
commercial microwave oven. The microwave power was set
to 2 kW and the microwave frequency to 2.45GHz, and the
specific duration of microwave irradiation is shown in
Table 5.

After irradiation, an UTi-165A thermal imaging camera
was used to take pictures and measure temperature. The

mass of the samples after irradiation was also obtained and
recorded.

3. Results

3.1. Changes in Moisture Content. As shown in Table 6, the
moisture content of the coal samples after microwave irradi-
ation was lower than the initial one. Data indicated that as
the initial coal moisture content increased, the reduction rate
of the coal moisture after the microwave treatment also
increased. The average reduction rates at initial moisture
content conditions of 2%, 4%, and 6% were 2.64%, 5.69%,
and 22.12%, respectively. In addition, with increasing initial
NaCl concentrations in the internal coal solution, the aver-
age decrease rate of the moisture content after microwave
irradiation also increased. The average reduction rate of
moisture content under NaCl concentrations of 0 g/L, 16 g/
L, 32 g/L, 48 g/L, and 64 g/L were 4.69%, 5.99%, 8.29%,
14.48%, and 17.31%, respectively.

3.2. Changes in Permeability. As shown in Table 7, the per-
meability of the coal samples after microwave irradiation
increased as compared with the initial permeability. Distri-
bution of the increase rate of permeability in each coal sam-
ple and under the same coal rock moisture content indicated
that the greater the NaCl concentration, the higher the
increased permeability rate after microwaving. NaCl concen-
trations of 0 g/L, 16 g/L, 32 g/L, 48 g/L, and 64 g/L resulted in
an increase rate in average permeability of 196.37%,
216.39%, 343.51%, 465.80%, and 466.18%, correspondingly.

4. Promotion Mechanism of Ionic Solution in
Microwave Irradiation of Coal Rock

The experimental test shows that the NaCl aqueous solution
in coal rock samples will have a positive impact on the per-
meability of coal rock samples. In order to find out how
NaCl aqueous solution affects the dielectric properties of
coal and rock and then affects the temperature change of
coal rock samples under the action of microwave, it will be
discussed below.

Table 6: Change in moisture content in coal rock samples after microwave irradiation (%).

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6
Average
reduction

rate

Moisture
content after
microwave
irradiation

Reduction
rate of
moisture
content

Moisture
content after
microwave
irradiation

Reduction
rate of
moisture
content

Moisture
content after
microwave
irradiation

Reduction
rate of
moisture
content

P1 = 0 1.96 1.79 3.85 3.74 5.49 8.56 4.69

P2 = 16 1.95 2.38 3.79 5.13 5.37 10.46 5.99

P3 = 32 1.95 2.64 3.79 5.26 4.98 16.97 8.29

P4 = 48 1.94 3.05 3.76 5.95 3.93 34.43 14.48

P5 = 64 1.93 3.37 3.67 8.37 3.59 40.18 17.31

Average value 2.64 5.69 22.12
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4.1. Mechanism of the Effect of Ionic Solutions on Dielectric
Properties of Coal Rocks. Coal rock is a porous medium
where dielectric properties are mainly determined by the
volume of air and moisture and coal matrix characteristics.
Among them, the dielectric response of moisture in the
microwave field far exceeds that of air and coal. This section
studies the mechanism through which the proportion of
solution mass and solution ion concentration affects the
dielectric properties of coal.

4.1.1. Effect of Solvent to Solute Mass Ratio on Dielectric
Properties of Coal Rocks. Dielectric loss and Joule heat loss
occur when microwaves are irradiated on different materials.
Under the action of an electric field, the polar molecules
present in these materials undergo relaxation polarization
and resonance polarization processes, which lead to dielec-
tric loss. At the same time, under a given electric potential,
an electric current is generated inside the dielectric material.
This process causes the loss of Joule heat. These two phe-
nomena are the key to heat generation. According to previ-
ous studies, the total electromagnetic power loss that
occurs when microwaves irradiate the medium can be calcu-
lated according to the following equation:

Pw = 2πf ε}wε0 Ej j2, ð4Þ

where Pw (W/m3) is the electromagnetic loss thermal power
density; f is the frequency of the electric field (Hz); ε}w is the
imaginary part of the relative complex permittivity of the
heated object, which characterizes the ability of the substance
to absorb and lose electromagnetic field energy; ε0 = 8:85e −
12 F/m is the dielectric constant in vacuum; and ∣E ∣ (V/m)
is the modulus of the electric field intensity.

According to Equation (4), in addition to the microwave
power and microwave frequency, the factors affecting the
microwave heating of a substance mainly depend on the
inherent dielectric properties of the heated material. The
dielectric constant is an important factor that determines
the increment in temperature of coal. A significant amount
of tests have been conducted to determine the dielectric con-
stant of coal rocks. It is generally believed that the real part
of the dielectric constant of the coal rock matrix is between
1.6 and 2.5, and the imaginary part of the dielectric constant
is between 0.05 and 0.2 [32]. The real and imaginary values

of the dielectric water constant are much higher than those
of the coal matrix, which are 80 and 9, respectively [33, 34].

Since the coal rock is a mixed substance, the imaginary
part of the mixed relative complex permittivity can be esti-
mated considering the imaginary part of the mixed relative
complex permittivity and volume ratio of each substance.
In general, as the moisture content increases, the overall
dielectric properties of the coal rocks also increase. Under
the same microwave power and irradiation time, the internal
temperature of the coal rocks continuously increases. High
temperatures and pressures cause the violent evaporation
of water. In this processes, the greater the initial moisture
content of the coal, the greater the reduction rate of the
coal’s moisture content after microwave irradiation
(Figure 4). The higher the moisture content in the coal rocks,
the greater the rate of temperature increase, the higher the
temperature of the coal rock, and the higher the sources of
steam. When the volume is limited, especially when the pore
volume inside the coal rock is small, the pressure of the
expanding gas on the inner wall of the pore increases. Since
the force area does not change, the absolute vapor pressure
inside the coal rock rapidly increases.

At the same time, because of its particular properties, the
total porosity of coal rocks displays a maximum value. Thus,
there is an upper limit on the amount of water they can hold,
and in consequence, there is a certain upper limit for the
overall improvement of the dielectric properties of coal sam-
ples. In order to further improve the dielectric response of
water to the microwave field, it is necessary to explore the
influence of ion concentration on the dielectric properties
of coal rocks.

4.1.2. Effect of Ion Concentration on Dielectric Properties of
Coal Rocks. As Figure 5 displays, permeability of the coal
rocks increased with increasing NaCl concentrations. Out-
lier data occurred because of the high heterogeneity in the
coal samples. Anomalies occurred because pores and fissures
connected to the outside expanded and connected by means
of the high water vapor pressure, causing a substantial
increase in permeability. Thus, the increment in moisture
content and NaCl concentration can effectively increase the
permeability of coal after microwave irradiation. Compared
to a completely dry coal sample, under high moisture con-
tent and high NaCl concentration, coal permeability
increased 4.66 times after microwave irradiation. Under

Table 7: Changes in coal moisture content after microwave irradiation (%).

NaCl concentration, Pk (g/L)
Moisture content, Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6
Average
growth
rate

Permeability
before

microwave
irradiation

Permeability
after

microwave
irradiation

Permeability
before

microwave
irradiation

Permeability
after

microwave
irradiation

Permeability
before

microwave
irradiation

Permeability
after

microwave
irradiation

P1 = 0 0.9977 2.2285 0.5614 0.8799 0.2401 1.2214 196.37%

P2 = 16 0.5083 0.8216 0.2245 0.8602 0.1625 0.6571 216.39%

P3 = 32 0.3460 0.5776 0.2225 1.6077 0.1525 0.6726 343.51%

P4 = 48 0.2344 0.7624 0.1803 0.8572 0.1490 1.3361 465.80%

P5 = 64 0.2288 0.5888 0.1567 0.7912 0.0835 0.7818 466.18%
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the same moisture content conditions, results indicated that
by increasing the ion concentration of the solution, the aver-
age permeability increased 1.91 times in the three cases.

Adding NaCl to the solution can greatly increase the
imaginary part of the complex permittivity of water, which
can be calculated according to the following equation:

ε′′w = ωτw εw0 − εw∞ð Þ
1 + ωτwð Þ2 + б

ωε0
, ð5Þ

where ω (Hz) corresponds to the angular frequency, f (Hz) is
the frequency of the electric field, τw (s) is the relaxation time
of water polarization, εw0 (F/m) is the dielectric constant of
water in an electrostatic field, εw∞ = 4:9 F/m represents the
dielectric constant at high frequency, ε0 = 8:854 ∗ 10−12 F/m
is the dielectric constant of vacuum, and б (S/m) is the con-
ductivity of water.

Equation (5) indicates that the relaxation time τw of the
polarization of water media in the microwave field and the
dielectric constant εw0 of water in the electrostatic field are
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important parameters that affect the dielectric loss of water.
They are functions of temperature, as seen in equations (6)
and (7), as shown in Figures 6(a) and 6(b).

2πτw = 1:1109 × 10−10 − 3:824 × 10−12T + 6:938
× 10−14T2 − 5:096 × 10−16T3,

ð6Þ

εw0 = 88:045 − 0:4147T + 6:295 × 10−4T2

+ 1:075 × 10−5T3:
ð7Þ

Conductivity б, which is closely related to the ion con-
centration of the solution, is the most important parameter
that affects Joule heat loss. The higher the electrical conduc-
tivity, the stronger the ability of the coal rock samples to
absorb an electromagnetic field, and the more intense the
dielectric response under the same moisture content. In the
present research, NaCl was used to increase the ion concen-
tration of water present in the coal rock samples, thereby
increasing the conductivity of the aqueous solution. The
concentration of NaCl and the conductivity of the solution
are shown in Figure 7.

According to data shown in Figure 7, with increasing
NaCl concentrations, conductivity also increased. NaCl con-
centrations of 0 g/L, 16 g/L, 32 g/L, 48 g/L, and 64 g/L
resulted in conductivity values of 0 s/cm, 2.75 s/m, 5.2 s/m,
7.6 s/m, and 10s/m, respectively. This increment was
extremely high for NaCl-containing solutions, greatly
increasing the imaginary part of the dielectric constant of
water. As a result, the moisture in the coal rock samples
can be heated more quickly in the microwave field, also
quickly evaporating and generating the steam explosion.
The release of a large amount of high temperature and
high pressure steam significantly improved the pore open-
ing, dredging, and reaming. This also shows that the addi-
tion of NaCl significantly improved coal permeability
(Figure 5).

4.2. Mechanism of the Effect of Ion Concentration on
Temperature Distribution in the Coal Rocks. Through the
above analysis, it is found that after injecting NaCl solu-
tion, the imaginary part of the dielectric constant of water
increases greatly and then increases the overall tempera-
ture of coal rock samples. Therefore, the surface tempera-
ture test and internal temperature numerical simulation of
coal rock samples with different NaCl concentrations after
microwave irradiation were carried out, and the specific
promotion effect of NaCl solution on coal rock sample
temperature and the mechanism of increasing permeability
were explored.

4.2.1. Influence of Ion Concentration on Surface Temperature
Distribution in Coal Rocks. The pictures taken by the UTi-
165A thermal imager for temperature measurement are
shown in Table 8. The average temperature of the original
coal before microwave irradiation is 22.6°C. Figure 8 sum-
marizes the temperature characterization of coal rock sam-
ples under 15 different conditions.

Figure 8 shows that the relationship between NaCl con-
centrations and temperature of the coal rocks after micro-
wave irradiation properly fitted a linear equation. The
trend basically showed a linear increase. Under the same
microwave power, the average temperatures of coal rock
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Table 8: Mapping of coal surface temperature distribution after microwave irradiation.

NaCl concentration, Pk (g/L)
Moisture content Qj (%)

Q1 = 2 Q2 = 4 Q3 = 6

P1 = 0

P2 = 16

P3 = 32

P4 = 48

P5 = 64
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samples with of NaCl solution concentrations of 16 g/L, 32 g/
L, 48 g/L, and 64 g/L were 62.5°C, 68.6°C, 73.9°C, and 82.9°C,
respectively. Compared with the average temperature of
53.4°C of coal rock samples without NaCl aqueous solution,
the temperature increased by 17.04%, 28.46%, 38.4%, and
55.2%, respectively.

Temperature was the most important factor that directly
determined the internal pressure in coal rocks. The rapid
increase in temperature presents the following benefits: (1)
Extremely high temperature is conducive to large tempera-
ture gradients, especially in mixtures with complex internal
components such as coal rock samples. Components of coal
rocks include the coal matrix, different minerals, water, and
various volatile compounds, among others. The dielectric
properties of different materials also vary, which easily cause
the thermal stress distribution and unevenness of the coal
rock samples in the microwave field. The higher the extreme
temperature, the stronger the unevenness, and the more
likely to produce the tearing effect on the primary fissures
inside the coal body, as well as the cracking effect of the
pores. (2) Temperature increase indicates that the rate of
heating of the coal body is accelerated. The rapid increase
in temperature favors the rapid formation of water vapor.
This means that in the same period of time, coal samples
containing NaCl solutions accumulate more water vapor as
compared to those where no aqueous solution are present.
According to the ideal state gas equation, when other condi-
tions are the same, the higher the amount of gas, the higher
the pressure generated inside the pores. This process favors
the expansion of pores and cracks. Under pressure, pores
more likely transform into larger pores, and some of them
maybe also broken and connected with small cracks. Inde-
pendent cracks may connect with each other or with the
external environment. This process greatly improves the
permeability of coal rocks.

Overall temperature of coal rocks can be determined
through physical analysis. However, the specific temperature

inside the coal rock cannot be measured. Therefore, in the
present investigation, numerical simulation was used to
study the internal changes of coal after microwave irradia-
tion and to explore the influence of ion concentration on
the internal temperature distribution.

4.2.2. The Influence of Ion Concentration on Internal
Temperature Distribution in Coal Rocks. The COMSOL
Multiphysics numerical analysis software was adopted for
microwave heating simulation. A three-dimensional model
was established according to the actual situation. The coal
rock was 25mm in diameter and 25mm in height. In order
to simulate the pores of coal, since the average porosity of 15
coal samples used in this experiment was 30%, 100 spheres
were randomly arranged in the coal model material, and
the volume of spheres accounted for 30% of the model vol-
ume. After calculation, the diameter of each sphere was
2.064mm. Seven, 14, and 20 microspheres were randomly
selected as water-bearing pores to simulate the coal rock
with water content of 2%, 4%, and 6%, respectively. The
model is shown in Figure 9. The following ideal conditions
were set up during the entire simulation process: (1) The
composition of coal rock did not change during the entire
microwave irradiation process. (2) The thermodynamic
and electrical parameters of each substance remained
unchanged. (3) Both the inner wall of the microwave oven
and the waveguide were considered perfect magnetic con-
ductors. (4) Only the influence of the proportion of aqueous
solution and ion concentration on coal temperature was
considered; on the other hand, we did not consider the influ-
ence of radiative and convective heat transfers on coal
temperature.

The maximum body temperature of coal rock samples
was extracted in the microwave heating simulation, and
the results are shown in Figure 10. As observed, the maxi-
mum body temperature of coal rock samples after micro-
wave irradiation also increases with the increase of ion
concentration of the NaCl solution, and the internal temper-
ature is greater than the surface temperature. However, dif-
ferent from the above, the maximum surface temperature
of coal rock samples measured in the physical experiment
basically increases linearly with the increase of ion concen-
tration of the NaCl solution, while the increase rate of the
maximum body temperature of coal samples in the simula-
tion becomes slower and slower with the increase of ion con-
centration of the NaCl solution. This is closely related to the
penetration depth of the microwave to the coal rock samples.

When the microwave enters the medium, the medium
absorbs the microwave energy and converts it into heat
energy. The field strength of microwave decreases continu-
ously with the increase of the depth of the incident medium.
The depth reflects the penetration ability of the microwave
in the medium. When the microwave enters the coal sample,
the surface energy density of the coal rock sample becomes
the largest, and its energy decreases exponentially with the
penetration of the microwave into the coal rock sample. In
order to characterize the attenuation ability of the material
to the microwave power, the microwave penetration depth
(dp) is employed, which is defined as the distance when the
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microwave power is reduced from the surface value of the
medium to the surface value e−1 (about 36.79%) [35]:

dp =
c0

2
ffiffiffi
2

p
πf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε′
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + ε″/ε′

� �2
r

− 1
� �s , ð8Þ

where C0 is the speed of light, in m/s; f is the microwave fre-
quency; ε′ represents the real part of the dielectric constant;
and ε″ is the imaginary part of the dielectric constant. In this
study, for the coal rock with the same moisture content, the
real part of the dielectric constant of coal samples is basically
unchanged. According to equation (5), the addition of the
NaCl solution only greatly improves the imaginary part of
the dielectric constant. According to equation (8), with the

increase of the imaginary part of the dielectric constant,
the overall microwave penetration depth of coal samples will
be smaller and smaller. Therefore, under microwave irradia-
tion, the attenuation loss of medium on the surface of coal
samples is the smallest, and the energy density of microwave
is the largest. The basic temperature curve of coal rock sam-
ple surface presents a linear growth trend. With the increase
of ion concentration of the NaCl solution, the overall micro-
wave penetration depth of coal samples decreases, resulting
in a gradual decline of the rise rate of the maximum body
temperature of coal rock samples.

In order to clarify the absorption of microwave energy in
different positions of coal rock samples, the dielectric loss
power density Pd (in W/m3) of different spatial positions
was extracted in the microwave heating simulation. This
parameter is used to express the microwave energy absorbed
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Figure 9: Surface temperature of water-bearing coal rock after microwave treatment: (a) microwave oven; (b) three-dimensional numerical
model; (c) random sphere numerical model.
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per unit volume in unit time at any spatial position (position
z) inside the dielectric material.

As shown in Figure 11, it can be seen that in the longitu-
dinal direction the water content increases continuously at
the same NaCl concentration; in the transverse direction,
the NaCl concentration increases at the same horizontal
water content. Whether horizontal or vertical, the tempera-
ture of coal samples is getting higher and higher, and the
area of high temperature is getting larger and larger (see
the light white part of the simulated coal pillar). The average
power density of dielectric loss in coal samples under differ-
ent conditions is arranged as shown in Figure 11. As
observed, the average power density of dielectric loss in coal
samples increases with the increase of NaCl concentration,

which is consistent with the maximum temperature inside
the coal samples.

The dielectric loss power density Pd can be expressed as
[36]

Pd zð Þ = ω

c
4ε′′S0e−2αz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε′2 + ε′′2 +

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε′2 + ε″2

p
+ ε′

� �
+ 1

r , ð9Þ

where S0 corresponds to the average energy flow density of
the microwave generator and is determined by the micro-
wave power. According to the equation, the average power
density Pd of dielectric loss of coal rock samples under the
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Figure 11: Numerical simulation results.
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same irradiation condition is mainly determined by the
imaginary part of the relative dielectric constant of the
medium. In this study, under the condition of constant
water content and with the increase of NaCl concentration,
the real part of the dielectric constant is basically unchanged,
while the imaginary part increases greatly, which leads to the
increase of the overall dielectric loss power density of the
coal sample; that is, the coal samples absorb more and more
microwave energy in unit time, which effectively improves
the overall temperature of the coal samples.

As suggested by combination of the penetration depth dp
and the average power density Pd of the dielectric loss,
firstly, the addition of the NaCl solution can improve the
dielectric response of coal rock samples in the microwave
field, so that the coal rock can absorb more energy and pro-
duce higher temperature in unit time, which helps to gener-
ate greater steam pressure and promote the expansion of
original pores and fissures, and may generate new fissures.
Meanwhile, with the increase of the NaCl concentration,
the penetration depth decreases, this may lead to the thermal
stress distribution inside and outside the coal rock becoming
more uneven, the original mechanical equilibrium field
inside the coal rock may be broken, new fissures are pro-
duced, and the original pores/fissures will also develop and
connect under the effect of internal steam pressure, which
may improve the conditions of pores and fissures and
enhance the overall permeability of coal rock samples.

5. Conclusions

(1) As the mass proportion of the ionic solution
increased, the overall dielectric properties of the coal
rock samples increased. In addition, the average
decrease rate of the moisture content after micro-
wave irradiation also increased. These results showed
that more water was involved in the steam explosion

(2) The increase of NaCl aqueous solution concentra-
tion reduces the penetration ability of the microwave
in the coal rock sample, so more energy will be con-
centrated on the surface of sample, which is well
proven by the thermal imaging temperature test.
The test result indicates that the average surface tem-
perature of coal samples at four different concentra-
tions of NaCl increased by 17.04%, 28.46%, 38.4%,
and 55.2% as compared with those samples without
NaCl. At the same time, the NaCl aqueous solution
enhances the overall microwave absorption capacity
of coal samples, which is well proven by the maxi-
mum temperature and dielectric loss thermal power
density of samples in numerical analysis. As
observed, the average power density of dielectric loss
in coal samples increases with the increase of NaCl
concentration; this change trend is consistent with
the maximum temperature inside the coal samples

(3) Both physical and numerical experiments show that
the NaCl solution can effectively enhance the tem-
perature of coal rock samples with microwave irradi-

ation. Higher temperature will make it more possible
to increase the steam pressure in the pores, which
may be more conducive to the connection and
expansion of the pores. It should be pointed out that
the increase of steam pressure is not the only reason
for the microcracking process, but it is a favorable
factor

(4) As the concentration of the ionic solution increased,
the average growth rate of the overall permeability
was 196.37%, 216.39%, 343.51%, 465.80%, and
466.18%. At a samemoisture content, increasing NaCl
concentration enhanced permeability 1.91 times
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Some deepwater gas reservoirs with high temperature and pressure have obvious stress sensitivity effect resulting in difficulty in
well test interpretations. The influence of stress sensitivity effect on the pressure drawdown well test is discussed in many papers.
However, the influence on the pressure buildup well test is barely discussed. For practices in oilfields, the quality of pressure data
from the drawdown stage of well test is poor due to the influence of production fluctuation. Thus, the pressure data from the
buildup stage is used for well test interpretations in most cases. In order to analyze the influence of stress sensitivity effect on
the pressure buildup well test, this paper establishes a composite gas reservoir pressure buildup well test model considering the
stress sensitivity effect and the hysteresis effect. Numerical solutions to both pressure drawdown and buildup well test models
are obtained by the numerical differentiation method. The numerical solutions are verified by comparing with analytical
solutions and the homogeneous gas reservoir well test solution. Then, the differences between pressure drawdown and buildup
well test curves considering the stress sensitivity effect are compared. The parameter sensitivity analysis is conducted.
Compared with the conventional well test curve, the pressure derivative curve of pressure drawdown well test considering the
stress sensitivity effect deviates upward from the 0.5 horizontal line at the inner zone radial flow stage, while it deviates upward
from the M/2 (mobility ratio/2) horizontal line at the outer zone radial flow stage. However, for the pressure buildup well test
curve considering the stress sensitivity effect, the pressure derivative curve gradually descends to the 0.5 horizontal line at the
inner zone radial flow stage, while it descends to the M/2 (mobility ratio/2) horizontal line at the outer zone radial flow stage.
The pressure derivative curve of pressure buildup well test considering the hysteresis effect is higher than the curve without
considering the hysteresis effect, because the permeability cannot be recovered to its original value in the buildup stage after
considering the hysteresis effect. Meanwhile, skin factor and mobility ratio have different effects on pressure drawdown and
buildup well test curves. Based on the model, a well test interpretation case from a deepwater gas reservoir with high
temperature and pressure is studied. The result indicates that the accuracy of the interpretation is improved after considering
the stress sensitivity effect, and the skin factor will be exaggerated without considering the stress sensitivity effect.

1. Introduction

Well test is an important way to obtain physical parameters
and evaluate the development performance of gas reservoirs
[1–9]. It can help to understand the seepage mechanism
and the development law of gas reservoirs with high temper-

ature and pressure. Compared with the conventional gas res-
ervoir, there is more obvious rock deformation during the
development process of the gas reservoir with high tempera-
ture and pressure resulting in stronger stress sensitivity effect
[10–15]. Thus, it is necessary to consider the influence of
stress sensitivity effect on well test curves. Many experiments
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and production practices show that there is irreversible
deformation in some reservoirs during the development pro-
cess [16–18]. Reservoir permeability decreases with the
decrease of formation pressure. However, the permeability
cannot be completely recovered to its original value after
the formation pressure increases to the initial value if there
is irreversible deformation in reservoirs. This phenomenon
is called the hysteresis effect [18].

At present, many researchers have studied the influence of
stress sensitivity effect on well test curves. However, the influ-
ence on the pressure drawdownwell test is mainly discussed in
these studies [19–30]. For practices in oilfields, the quality of
pressure data from the drawdown stage of well test is poor
due to the influence of production fluctuation. Thus, the pres-
sure data from the buildup stage is used in most cases of well
test interpretations for its good data quality [31–34]. For con-
ventional well test interpretations, the superposition principle
is used to obtain solutions to pressure buildup well test models
from that of pressure drawdown well tests. However, for well
test models considering the stress sensitivity effect, the seepage
differential equations are nonlinear equations, and the super-
position principle cannot be directly used for nonlinear equa-
tions to obtain the solutions to pressure buildup well test
models [31]. Therefore, it is necessary to analyze the influence
of stress sensitivity effect on the pressure buildup well test to
guide well test interpretations. However, the studies about
pressure buildup well test models considering the stress sensi-
tivity effect are not sufficient. Zhang et al. established pressure
buildup well test models considering the stress sensitivity
effect for vertical fractured well and vertical well in a homoge-
neous reservoir [18, 31]. One of the researches mainly dis-
cussed the influence of stress sensitivity effect and hysteresis
effect on the variation of fracture conductivity for vertical frac-
tured well in a homogeneous reservoir at the buildup stage
[18]. Another research only discussed the influence of stress
sensitivity effect on vertical well in a homogeneous reservoir
at the buildup stage [31]. There are few researches about the
pressure buildup well test of composite gas reservoir consider-
ing both the stress sensitivity effect and the hysteresis effect.

Thus, the paper establishes theoretical pressure draw-
down and buildup well test models for the composite gas
reservoir with high temperature and pressure considering
both the stress sensitivity effect and the hysteresis effect.
The solutions to these models are obtained by the numerical
differentiation method. The numerical solutions to pressure
drawdown and buildup well test models are verified by com-
paring with analytical solutions [23] and the homogeneous
gas reservoir well test solution [31]. The differences between
pressure buildup and drawdown well test curves considering
the stress sensitivity effect are analyzed. The parameter sen-
sitivity analysis is conducted. Then, a field case from a gas
reservoir with high temperature and pressure is presented
indicating that the accuracy of interpretation is improved
after considering the stress sensitivity effect.

2. Model Description and Solution

2.1. Physical Model and Basic Assumptions. A physical
model of a vertical well with fixed gas production rate in a

composite gas reservoir is established shown in Figure 1.
The basic assumptions of the model are as follows:

(1) An isotropic gas reservoir is bounded by imperme-
able layers at the bottom and top. The gas reservoir
has two zones with different permeability and poros-
ity. The radius of inner zone boundary is r1, and the
outer zone boundary is infinite

(2) The vertical gas well is on production at fixed rate
with the initial pressure pi followed by a shut-in
stage

(3) The gas in the reservoir is highly compressible fluid
with the compressibility Cg, compressibility factor
Z, and viscosity μg

(4) Considering the stress sensitivity effect and the hys-
teresis effect, the gas reservoir permeability changes
with the formation pressure resulting in irreversible
deformation to the reservoir

(5) The gravity effect is negligible. The temperature in
the reservoir is constant at production and shut-in
stages

(6) The effect of wellbore storage is considered by a con-
stant wellbore storage coefficient. The effective well-
bore radius is used to describe the skin damage

2.2. Mathematical Model

2.2.1. Characterization of Stress Sensitivity Effect and
Hysteresis Effect. The stress sensitivity coefficient γ is used
to describe the change of reservoir permeability with the
pressure. Some experimental studies indicate that the rela-
tionship between the reservoir permeability and the pressure
change conforms to the exponential form [23, 35, 36]. The
changes of reservoir permeability with the pressure at pres-
sure drawdown and buildup stages are shown in Figure 2.

At the pressure drawdown stage, the stress sensitivity
effect can be described by Equation (1):

γd =
1
kid

dk
dp

⇒ kd = kid exp −γd pi − pdð Þ½ �: ð1Þ

At the pressure buildup stage, the stress sensitivity effect
and the hysteresis effect can be described by Equation (2):

γb =
1
kib

dk
dp

⇒ kb = kib exp −γb pi − pbð Þ½ �
= kid exp − γd − γbð Þ pi − pdð Þ½ � exp −γb pi − pbð Þ½ �,

ð2Þ

where γd and γb are the stress sensitivity coefficients at
pressure drawdown and buildup stage, 1/Pa; there will be
the hysteresis effect when γb is less than γd ; kid is the initial
permeability of gas reservoir, m2; k is the permeability of gas
reservoir, m2; p is the pressure of gas reservoir, Pa; pi is the
initial pressure of gas reservoir, Pa; pd and pb are the gas res-
ervoir pressure at pressure drawdown and buildup stages,
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Pa; kd and kb are the gas reservoir permeability at pressure
drawdown and buildup stages, m2; kib is the maximum per-
meability value that can be restored after the gas reservoir
pressure increases to the initial pressure, m2.

The gas pseudo-pressure is generally used in gas reser-
voir well tests, and the definition of the gas pseudo-
pressure is as Equation (3):

ψ = 2
ðp
psc

p
μZ

dp, ð3Þ

where ψ is the gas pseudo-pressure, Pa/s; μ is the gas vis-
cosity, Pa.s; Z is the gas compressibility factor, decimal; psc is
the pressure at the standard condition, Pa.

Substituting Equation (3) into Equations (1) and (2),
stress sensitivity equations in the pseudo-pressure form can
be expressed as Equations (4) and (5):

γd =
1
kid

dk
dp

= 1
kid

dk
dψd

dψd

dp
= 1
kid

dk
dψd

p
μZ

, ð4Þ

γb =
1
kib

dk
dp

= 1
kib

dk
dψb

dψb

dp
= 1
kib

dk
dψb

p
μZ

: ð5Þ

Then, stress sensitivity coefficients in the pseudo-
pressure form can be obtained as Equations (6) and (7):

γ∗d =
γd

p/ μZð Þð Þ =
1
kid

dk
dψd

⇒ kd = kid exp −γ∗d ψi − ψdð Þ½ �, ð6Þ

γ∗b =
γb

p/ μZð Þð Þ =
1
kib

dk
dψb

⇒ kb = kib exp −γ∗b ψi − ψbð Þ½ �,

ð7Þ
where γ∗d and γ∗b are stress sensitivity coefficients in the

pseudo-pressure form at pressure drawdown and buildup
stages, Pa/s; ψi is the initial pseudo-pressure, Pa/s; ψd and
ψb are the pseudo-pressure at pressure drawdown and
buildup stages, Pa/s.

2.2.2. Pressure Drawdown Well Test Model. The differential
equation of natural gas seepage considering the stress sensi-
tivity effect and the hysteresis effect is as Equation (8):

1
r
∂
∂r

k pð Þr p
Zμ

∂p
∂r

� �
= ϕ

∂
∂t

p
Z

� �
, ð8Þ

where r is the radius, m; kðpÞ is the permeability consid-
ering the stress sensitivity effect and the hysteresis effect, m2;
t is time, s; ϕ is porosity, decimal.

For the pressure drawdown well test, the comprehensive
seepage differential equation considering the stress sensitiv-
ity effect in the inner zone of composite gas reservoir is as
Equation (9):

1
r
∂
∂r

ki1e
−γd pi−p1ð Þr

p1
Zμ1

∂p1
∂r

� �� �
= ϕ1

∂
∂t

p1
Z

� �
, ð9Þ

where ki1 is the initial inner zone permeability of com-
posite gas reservoir, m2; p1 is the inner zone pressure of
composite gas reservoir, Pa; μ1 is the inner zone gas viscosity
of composite gas reservoir, Pa.s; ϕ1 is the inner zone porosity
of composite gas reservoir, decimal.

The comprehensive seepage differential equation consid-
ering the stress sensitivity effect in the outer zone of compos-
ite gas reservoir is as Equation (10):

1
r
∂
∂r

ki2e
−γd pi−p2ð Þr

p2
Zμ2

∂p2
∂r

� �� �
= ϕ2

∂
∂t

p2
Z

� �
, ð10Þ

where ki2 is the initial outer zone permeability of com-
posite gas reservoir, m2; p2 is the outer zone pressure of
composite gas reservoir, Pa; μ2 is the outer zone gas viscosity
of composite gas reservoir, Pa.s; ϕ2 is the outer zone porosity
of composite gas reservoir, decimal.

After substituting Equation (3) into Equations (9) and
(10), gas comprehensive seepage differential equations in
the pseudo-pressure form can be expressed as Equations
(11) and (12):

1
r
∂ψ1
∂r

+ ∂2ψ1
∂r2

+ γ∗d
∂ψ1
∂r

� �2
=
ϕ1μ1Cg

ki1
eγ

∗
d ψi−ψ1ð Þ ∂ψ1

∂t
, ð11Þ

1
r
∂ψ2
∂r

+ ∂2ψ2
∂r2

+ γ∗d
∂ψ2
∂r

� �2
=
ϕ2μ2Cg

ki2
eγ

∗
d ψi−ψ2ð Þ ∂ψ2

∂t
,

ð12Þ

k2, 𝜙2

k1, 𝜙1

r1

re→∞

re→∞

k2, 𝜙2 k1, 𝜙1

r1

Figure 1: Physical model of vertical well producing in composite
gas reservoir.
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Figure 2: The change of reservoir permeability with pressure.
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where ψ1 is the inner zone pseudo-pressure, Pa/s; ψ2 is
the outer zone pseudo-pressure of composite gas reservoir,
Pa/s; Cg is the gas compressibility coefficient, Pa-1.

The initial condition can be expressed as Equation (13):

ψ1 r, t = 0ð Þ = ψ2 r, t = 0ð Þ = ψi: ð13Þ

The inner boundary considering the skin damage and
the well storage effect for the pressure drawdown well test
can be expressed as Equation (14):

re−γ
∗
d ψi−ψ1ð Þ ∂ψ1

∂r

� �����
r=rwe

= qscpscT
πki1hTscZsc

+ Cμ1
2πki1h

∂ψ1
∂t

, ð14Þ

where rwe = rw exp ð−SÞ is the effective well radius, m; S
is the skin factor, dimensionless; qsc is the production of gas
well at the standard condition, m3/s; Tsc is the temperature
at the standard condition, K; T is the formation temperature,
K; C is the wellbore storage coefficient, m3/Pa; h is the effec-
tive thickness of reservoir, m.

The pressure and flow rate are equal in the interface
between the inner zone and the outer zone as described in
Equations (15) and (16):

ki1e
−γ∗d ψi−ψ1ð Þ

μ1

∂ψ1
∂r

����
r=r1

= ki2e
−γ∗d ψi−ψ2ð Þ

μ2

∂ψ2
∂r

����
r=r1

, ð15Þ

ψ1 r = r1, tð Þ = ψ2 r = r1, tð Þ, ð16Þ
where r1 is the inner zone radius, m.
Considering the infinite outer boundary, Equation (17)

is obtained:

lim
r⟶∞

ψ2 r, tð Þ = ψi: ð17Þ

Thus, the mathematical model of composite gas reser-
voir pressure drawdown well test considering the stress sen-
sitivity effect can be expressed as Equation (18):

1
r
∂ψ1
∂r

+ ∂2ψ1
∂r2

+ γ∗d
∂ψ1
∂r

� �2
=
ϕ1μ1Cg

ki1
eγ

∗
d ψi−ψ1ð Þ ∂ψ1

∂t
,

1
r
∂ψ2
∂r

+ ∂2ψ2
∂r2

+ γ∗d
∂ψ2
∂r

� �2
=
ϕ2μ2Cg

ki2
eγ

∗
d ψi−ψ2ð Þ ∂ψ2

∂t
,

re−γ
∗
d ψi−ψ1ð Þ ∂ψ1

∂r

� �����
r=rwe

= qscpscT
πki1hTscZsc

+ Cμ1
2πki1h

∂ψ1
∂t

,

ki1e
−γ∗d ψi−ψ1ð Þ

μ1

∂ψ1
∂r

����
r=r1

= ki2e
−γ∗d ψi−ψ2ð Þ

μ2

∂ψ2
∂r

����
r=r1

,

ψ1 r, t = 0ð Þ = ψ2 r, t = 0ð Þ = ψi,
ψ1 r = r1, tð Þ = ψ2 r = r1, tð Þ,
lim

r⟶∞
ψ2 r, tð Þ = ψi:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð18Þ

In order to obtain the dimensionless mathematical model,
some dimensionless variables are introduced as follows:

ψ1D = πki1hTsc ψi − ψ1ð Þ
qscpscT

,

ψ2D = πki1hTsc ψi − ψ2ð Þ
qscpscT

,

tD = ki1t
ϕ1μ1Cgr2w

,

ω =
ϕ1Cg1
ϕ2Cg2

,

rD = r
rwe

= r
rw exp −Sð Þ ,

r1D = r1
rwe

= r1
rw exp −Sð Þ ,

γ∗dD = γd
μiZi

2pi
qscpscT
πki1hTsc

,

γ∗bD = γb
μiZi

2pi
qscpscT
πki1hTsc

,

M = ki1/μ1
ki2/μ2

,

CD = C
2πhϕ1Cgr2w

,

ð19Þ

where ψ1D is the dimensionless pseudo-pressure in the
inner zone; ψ2D is the dimensionless pseudo-pressure in the
outer zone; tD is the dimensionless time; ω is the storage ratio
between the inner zone and the outer zone; rD is the dimen-
sionless radius; r1D is the dimensionless inner zone radius;
γ∗dD and γ∗bD are dimensionless stress sensitivity coefficients
at pressure drawdown and buildup stages, respectively; M is
the mobility ratio between the inner zone and the outer zone;
CD is the dimensionless wellbore storage coefficient.

Substituting dimensionless variables into Equation (18),
the dimensionless mathematical model of the pressure draw-
down well test considering the stress sensitivity effect can be
expressed as Equation (20):

1
rD

∂ψ1D
∂rD

+ ∂2ψ1D
∂r2D

− γ∗dD
∂ψ1D
∂rD

� �2
= eγ

∗
dDψ1D

e2S
∂ψ1D
∂tD

,

1
rD

∂ψ2D
∂rD

+ ∂2ψ2D
∂r2D

− γ∗dD
∂ψ2D
∂rD

� �2
= ω

M
eγ

∗
dDψ2D

e2S
∂ψ2D
∂tD

,

CD
∂ψ1D
∂tD

− e−γ
∗
dDψ1D

∂ψ1D
∂rD

� �����
rD=1

= 1,

ψ1D rD, tD = 0ð Þ = ψ2D rD, tD = 0ð Þ = 0,

e−γ
∗
dDψ1D

∂ψ1D
∂rD

����
rD=r1D

= e−γ
∗
dDψ2D

1
M

∂ψ2D
∂rD

����
rD=r1D

,

ψ1D rD = r1D, tDð Þ = ψ2D rD = r1D, tDð Þ,
lim

rD⟶∞
ψ2D rD, tDð Þ = 0:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð20Þ

2.2.3. Pressure Buildup Well Test Model. For the pressure
buildup well test, the gas production qsc in the inner bound-
ary condition Equation (14) is zero. The stress sensitivity
coefficient of the pressure buildup stage is introduced into
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the mathematical model. Similarly, the dimensionless math-
ematical model of the pressure buildup well test considering
the stress sensitivity effect and the hysteresis effect can be
expressed as Equation (21):

1
rD

∂ψ1D
∂rD

+ ∂2ψ1D
∂r2D

− γ∗bD
∂ψ1D
∂rD

� �2
= R1

eγ
∗
bDψ1D

e2S
∂ψ1D
∂tD

,

1
rD

∂ψ2D
∂rD

+ ∂2ψ2D
∂r2D

− γ∗bD
∂ψ2D
∂rD

� �2
= R2

ω

M
eγ

∗
bDψ2D

e2S
∂ψ2D
∂tD

,

R1CD
∂ψ1D
∂tD

− e−γ
∗
bDψ1D

∂ψ1D
∂rD

� �����
rD=1

= 0,

ψ1D rD, tD = 0ð Þ = ψ2D rD, tD = 0ð Þ = 0,

e−γ
∗
bDψ1D

∂ψ1D
∂rD

����
rD=r1D

= e−γ
∗
bDψ2D

1
M

∂ψ2D
∂rD

����
rD=r1D

,

ψ1D rD = r1D, tDð Þ = ψ2D rD = r1D, tDð Þ,
lim

rD⟶∞
ψ2D rD, tDð Þ = 0,

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð21Þ

where R1 is the ratio of the initial permeability and the
maximum permeability that can be restored after the gas res-
ervoir pressure increases to the initial value in the inner
zone, dimensionless; R2 is the ratio of the initial permeability
and the maximum permeability that can be restored after the
gas reservoir pressure increases to the initial value in the
outer zone, dimensionless.

2.3. Solutions to Mathematical Models

2.3.1. Solution to Pressure Drawdown Well Test Model by
Perturbation Method. Kikani and Pedrosa proposed the per-
turbation method to solve the mathematical model for the
pressure drawdown well test considering the stress sensitiv-
ity effect [23]. First, the dimensionless pseudo-pressure is
transformed as Equation (22):

ψ1D = −ln 1 − γ∗dDξ1Dð Þ
γ∗dD

, ψ2D = −ln 1 − γ∗dDξ2Dð Þ
γ∗dD

: ð22Þ

Substituting Equation (22) into Equation (20), the
dimensionless pressure drawdown well test mathematical
model can be transformed as Equation (23):

1
rD

∂ξ1D
∂rD

+ ∂2ξ1D
∂r2D

= e−2S

1 − γ∗dDξ1Dð Þ
∂ξ1D
∂tD

,

1
rD

∂ξ2D
∂rD

+ ∂2ξ2D
∂r2D

= ω

M
e−2S

1 − γ∗dDξ2Dð Þ
∂ξ2D
∂tD

,

CD
∂ξ1D
∂tD

− rD
∂ξ1D
∂rD

� �����
rD=1

= 1
1 − γ∗dDξ1Dð Þ ,

ξ1D rD = r1D, tDð Þ = ξ2D rD = r1D, tDð Þ,
∂ξ1D
∂rD

����
rD=r1D

= 1
M

∂ξ2D
∂rD

����
rD=r1D

,

ξ1D rD, tD = 0ð Þ = ξ2D rD, tD = 0ð Þ = 0,
lim

rD⟶∞
ξ2D rD, tDð Þ = 0:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð23Þ

After applying zero-order approximation to ξ1D and ξ2D
in Equation (23) [23], the new mathematical model can be
expressed as Equation (24):

1
rD

∂ξ1D
∂rD

+ ∂2ξ1D
∂r2D

= e−2S
∂ξ1D
∂tD

,

1
rD

∂ξ2D
∂rD

+ ∂2ξ2D
∂r2D

= ω

M
e−2S

∂ξ2D
∂tD

,

CD
∂ξ1D
∂tD

− rD
∂ξ1D
∂rD

� �����
rD=1

= 1,

ξ1D rD = r1D, tDð Þ = ξ2D rD = r1D, tDð Þ,
∂ξ1D
∂rD

����
rD=r1D

= 1
M

∂ξ2D
∂rD

����
rD=r1D

,

ξ1D rD, tD = 0ð Þ = ξ2D rD, tD = 0ð Þ = 0,
lim

rD⟶∞
ξ2D rD, tDð Þ = 0:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð24Þ

Equation (24) is the same as the well test model of com-
posite gas reservoir without considering the stress sensitivity
effect [37]. Based on the Laplace transform and the property
of Bessel function, the solution to Equation (24) in the
Laplace space can be expressed as Equation (25):

�ξwD = 1
u

RTP

uCDRTP + βMTP
, ð25Þ

where u is the variable in the Laplace space,

RTP = 1 + I0 βð Þ
K0 βð Þ

βK0 r1D
ffiffiffiffi
N

p
β

� �
K1 r1Dβð Þ −

ffiffiffiffi
N

p
/M

� �
βK0 r1Dβð ÞK1 r1D

ffiffiffiffi
N

p
β

� �h i
ffiffiffiffi
N

p
/M

� �
βK1 r1D

ffiffiffiffi
N

p
β

� �
I0 r1Dβð Þ + βK0 r1D

ffiffiffiffi
N

p
β

� �
I1 r1Dβð Þ

h i ,

MTP =
K1 βð Þ
K0 βð Þ −

I1 βð Þ
K0 βð Þ

βK0 r1D
ffiffiffiffi
N

p
β

� �
K1 r1Dβð Þ −

ffiffiffiffi
N

p
/M

� �
βK0 r1Dβð ÞK1 r1D

ffiffiffiffi
N

p
β

� �h i
ffiffiffiffi
N

p
/M

� �
K1 r1D

ffiffiffiffi
N

p
β

� �
I0 r1Dβð Þ + βK0 r1D

ffiffiffiffi
N

p
β

� �
I1 r1Dβð Þ

h i ,

β =
ffiffiffi
u

p
exp −Sð Þ,N = ω

M
: ð26Þ

Based on the numerical inversion method and the per-
turbation method [23], the solution to the pressure draw-
down well test model considering the stress sensitivity
effect for the composite gas reservoir can be expressed as
Equation (27):

ψwD = −ln 1 − γ∗dDξwDð Þ
γ∗dD

: ð27Þ

For the conventional well test without considering the
stress sensitivity effect, the solution to the pressure buildup
well test mathematical model, which is a linear equation,
can be obtained by the superposition principle based on
the solution to the pressure drawdown well test model.
However, the superposition principle cannot be applied to
the well test model considering the stress sensitivity effect,
which is a nonlinear equation. Thus, it is difficult to get the
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solution to the pressure buildup well test model considering
the stress sensitivity effect by the superposition principle.

2.3.2. Solutions to Pressure Drawdown and Buildup Well Test
Models by Numerical Method. The well test models consider-
ing the stress sensitivity effect and the hysteresis effect as
Equations (20) and (21) are second-order nonlinear equa-
tions. The analytical solution to the pressure drawdown well
test model obtained by the perturbation method is an
approximate result. Thus, the numerical differentiation
method is used to solve these equations.

Considering dramatic pressure changes near the well-
bore, the unequal-space grid division is used. Taking xD =
ln rD, Equation (28) is obtained:

∂ψD

∂rD
= e−xD

∂ψD

∂xD
, ∂

2ψD

∂r2D
= e−2xD

∂2ψD

∂x2D
− e−2xD

∂ψD

∂xD
: ð28Þ

Substituting Equation (28) into the dimensionless pres-
sure drawdown well test model Equation (20), the model
can be written as Equation (29):

∂2ψ1D
∂x2D

− γ∗dD
∂ψ1D
∂xD

� �2
= e2xD+γ

∗
dDψ1D

e2S
∂ψ1D
∂tD

,

∂2ψ2D
∂x2D

− γ∗dD
∂ψ2D
∂xD

� �2
= ω

M
e2xD+γ

∗
dDψ2D

e2S
∂ψ2D
∂tD

,

CD
∂ψ1D
∂tD

− e−γ
∗
dDψ1D

∂ψ1D
∂xD

� �����
xD=0

= 1,

ψ1D xD = ln r1D, tDð Þ = ψ2D xD = ln r1D, tDð Þ,

e−γ
∗
dDψ1D

∂ψ1D
∂xD

����
xD=ln r1D

= e−γ
∗
dDψ2D

1
M

∂ψ2D
∂xD

����
xD=ln r1D

,

ψ1D xD, tD = 0ð Þ = ψ2D xD, tD = 0ð Þ = 0,
lim

xD⟶∞
ψ2D xD, tDð Þ = 0:

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

ð29Þ

The difference in space is as Equation (30):

xD ið Þ =
i − 1ð ÞΔx1D i = 1, 2, 3,:⋯ ,N ,
ln r1D + i −Nð ÞΔx2D i =N + 1,N + 2,N + 3,:⋯ ,NN ,

(

ð30Þ

where Δx1D = ln r1D/ðN − 1Þ; Δx2D = ln ðRD/r1DÞ/ðNN
−NÞ; N is the discrete number in space of the inner zone,
NN is the total discrete number in space of inner and outer
zones, and RD is the dimensionless outer zone boundary
radius.

The logarithmic interval is taken for time as Equation (31):

tD jð Þ = 10−6+ j−1ð ÞΔt , Δt = log TDð Þ + 6
O − 1 , ð31Þ

where j = 1, 2, 3,⋯O,O is the discrete number of time and
TD is the dimensionless time at the end of the simulation.

For the dimensionless well test mathematical model
Equation (29), the finite difference discretization is carried
out in space and time as Equations (30) and (31). Then,

the seepage equation discretization result for the composite
gas reservoir can be expressed as Equation (32):

a ið Þψj
Di−1 + b ið Þψj

Di + c ið Þψj
Di+1 + d ið Þ ψj

Di

� �2
+ e ið Þψj

Diψ
j
Di+1

+ f ið Þ ψj
Di+1

� �2
+ g ið Þer∗dDψ j

Di + h ið Þψj
Die

r∗dDψ
j
Di = 0:

ð32Þ

When i = 1, 2,⋯,N , then

a ið Þ = 1
Δx21D

,

b ið Þ = −
2

Δx21D
,

c ið Þ = 1
Δx21D

,

d ið Þ = −
γ∗dD
Δx21D

,

e ið Þ = 2γ∗dD
Δx21D

,

f ið Þ = −
γ∗dD
Δx21D

,

g ið Þ = e2 i−1ð ÞΔx1D

e2S t jD − t j−1D

� �ψj−1
Di ,

h ið Þ = −
e2 i−1ð ÞΔx1D

e2S t jD − t j−1D

� � :

ð33Þ

When i =N + 1,N + 2,⋯:,NN , then

a ið Þ = 1
Δx22D

,

b ið Þ = −
2

Δx22D
,

c ið Þ = 1
Δx22D

,

d ið Þ = −
γ∗dD
Δx22D

,

e ið Þ = 2γ∗dD
Δx22D

,

f ið Þ = −
γ∗dD
Δx22D

,

g ið Þ = ω

M
e2 i−1ð ÞΔx2D

e2S t jD − t j−1D

� �ψj−1
Di ,

h ið Þ = −
ω

M
e2 i−1ð ÞΔx2D

e2S t jD − t j−1D

� � :

ð34Þ
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The discretization result of the initial condition can be
expressed as Equation (35):

ψ1
Di = 0, i = 1, 2,⋯,NN: ð35Þ

The discretization result of the inner boundary condition
can be expressed as Equation (36):

b 1ð Þψj
D1 + c 1ð Þψj

D2 + g 1ð Þeγ∗dDψ j
Di + h 1ð Þψj

D1e
γ∗dDψ

j
Di = 0, ð36Þ

where

b 1ð Þ = −
1

Δx1D
,:

c 1ð Þ = 1
Δx1D

,

g 1ð Þ = 1 + CDψ
j−1
D1

t jD − t j−1D

,

h 1ð Þ = −
CD

tjD − t j−1D

:

ð37Þ

The discretization result of the interface condition can be
expressed as Equation (38):

ψDN − ψDN−1
Δx1

= 1
M

ψDN+1 − ψDN

Δx2
: ð38Þ

The discretization result of the outer boundary condition
can be expressed as Equation (39):

ψj
DNN = 0: ð39Þ

As for the pressure buildup test, the model is obtained
after modifying the internal boundary condition and intro-
ducing the stress sensitivity coefficient of the buildup stage.
Then, the seepage equation discretization result for the com-
posite gas reservoir at the buildup stage can be expressed as
Equation (40):

a ið Þψj
Di−1 + b ið Þψj

Di + c ið Þψj
Di+1 + d ið Þ ψj

Di

� �2

+ e ið Þψj
Diψ

j
Di+1 + f ið Þ ψj

Di+1

� �2
+ g ið Þer∗bDψ j

Di

+ h ið Þψj
Die

r∗bDψ
j
Di = 0:

ð40Þ

When i = 1, 2,⋯,N , then

a ið Þ = 1
Δx21D

,

b ið Þ = −
2

Δx21D
,

c ið Þ = 1
Δx21D

,

d ið Þ = −
γ∗bD
Δx21D

,

e ið Þ = 2γ∗bD
Δx21D

,

f ið Þ = −
γ∗bD
Δx21D

,

g ið Þ = R1
e2 i−1ð ÞΔx1D

e2S t jD − t j−1D

� �ψj−1
Di ,

h ið Þ = −R1
e2 i−1ð ÞΔx1D

e2S t jD − t j−1D

� � :

ð41Þ

When i =N + 1,N + 2,⋯:,NN , then

a ið Þ = 1
Δx22D

,

b ið Þ = −
2

Δx22D
,

c ið Þ = 1
Δx22D

,

d ið Þ = −
γ∗bD
Δx22D

,

e ið Þ = 2γ∗bD
Δx22D

,

f ið Þ = −
γ∗bD
Δx22D

,

g ið Þ = R2
ω

M
e2 i−1ð ÞΔx2D

e2S t jD − t j−1D

� �ψj−1
Di ,

h ið Þ = −R2
ω

M
e2 i−1ð ÞΔx2D

e2S t jD − t j−1D

� � :

ð42Þ

The discretization result of the inner boundary condition
at the buildup stage can be expressed as Equation (43):

b 1ð Þψj
D1 + c 1ð Þψj

D2 + g 1ð Þeγ∗bDψ j
Di + h 1ð Þψj

D1e
γ∗bDψ

j
Di = 0, ð43Þ
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Figure 5: Comparison of the homogeneous gas reservoir pressure
buildup well test curve obtained from the paper and the research
of Zhang and He.
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Figure 6: Well test curves for the pressure drawdown well test in
composite gas reservoir.
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Figure 7: Well test curves for the pressure buildup well test in
composite gas reservoir.

0.1 100 100000 100000000

tD/CD

𝛾dD
⁎ = 𝛾bD

⁎ = 0
𝛾dD

⁎ = 𝛾bD
⁎ = 0.02

𝛾dD
⁎ = 𝛾bD

⁎ = 0.04
𝛾dD

⁎ = 𝛾bD
⁎ = 0.06

0.5 horizontal line
M/2 horizontal line

0.1

1

10

100

𝜓
w
D
, 𝜓

wʹ
D

𝛾dD
⁎, 𝛾bD

⁎ increase

Figure 8: Well test curves of the pressure drawdown well test
under different stress sensitivity coefficients.
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where

b 1ð Þ = −
1

Δx1D
,

c 1ð Þ = 1
Δx1D

,

g 1ð Þ = R1
CDψ

j−1
D1

t jD − t j−1D

,

h 1ð Þ = −R1
CD

t jD − t j−1D

:

ð44Þ

The discretization results of the interface condition and
the outer zone boundary condition for the pressure buildup
well test are the same as Equations (38) and (39).

Numerical well test models of drawdown and buildup
stages for the composite gas reservoir considering the stress
sensitivity effect and the hysteresis effect are established by
Equations (32)–(39) and Equations (40)–(43). The
Newton-Simpson method is used to solve the nonlinear
equation to obtain pressure drawdown and buildup well test
solutions.
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Figure 13: Well test curves of the pressure buildup well test under
different skin factors.
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Figure 9: Well test curves of the pressure buildup well test under
different stress sensitivity coefficients.
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Figure 10: Well test curves of the pressure drawdown well test
considering the hysteresis effect.
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Figure 11: Well test curves of the pressure buildup well test
considering the hysteresis effect.
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3. Type Curve of Composite Gas Reservoir
Well Test

3.1. Model Verification

3.1.1. Verification of Pressure Drawdown Well Test Model.
When dimensionless stress sensitivity coefficients γdD

∗ and
γbD

∗ are taken as zero, the model is the same as the conven-
tional pressure drawdown well test model of composite gas
reservoir [37]. In order to verify the model in the paper,
the type curve obtained by the numerical method without
considering the stress sensitivity effect is compared with
the conventional composite gas reservoir well test curve
obtained by the analytical solution shown in Figure 3.

As shown in Figure 3, the type curves of pressure draw-
down well test obtained by the numerical solution and the
analytical solution are the same when dimensionless stress
sensitivity coefficients are set to zero. The curves show com-
mon characteristics. The pressure derivative curve is a 0.5
horizontal line at the inner zone radial flow stage, while it
is a M/2 (mobility ratio/2) horizontal line at the outer zone
radial flow stage. Thus, the numerical solution in the paper
is reliable.

In order to further verify the model, the type curves of
pressure drawdown well test considering the stress sensitiv-
ity effect obtained by the numerical method and the pertur-
bation method [23] are compared shown in Figure 4.

It can be seen from Figure 4 that the numerical solution
is consistent with the solution obtained by the perturbation
method, which verifies the reliability of the numerical
solution.

3.1.2. Verification of Pressure Buildup Well Test Model. In
order to verify the pressure buildup well test model of com-
posite gas reservoir in the paper, the model is simplified into
a homogeneous gas reservoir model considering the stress
sensitivity effect by setting M = 1, ω = 1, and γ∗bD = γ ∗ dD.
With those parameter settings, the model does not reflect
the influence of the hysteresis effect and the differences of
permeability and porosity between the inner zone and the
outer zone. Then, the result of the model is compared with
the research of Zhang and He [31] shown in Figure 5.

It can be seen from Figure 5 that the well test curve
obtained from the simplified model in the paper is consistent
with the curve from the research of Zhang and He [31].
Thus, the numerical solution to the pressure buildup well
test model in the paper is reliable.

3.2. Type Curve Analysis. Figures 6 and 7 are type curves for
pressure drawdown and buildup well tests in a composite
gas reservoir. The corresponding parameter values are CD
= 1, S = 1, M = 0:5, ω = 1, r1D = 500, γdD∗ = 0 or 0.04, and
γbD

∗ = 0 or 0.04. And when γdD
∗ = γbD

∗ = 0, the well test
model is suitable for the conventional composite gas reservoir;
when γdD

∗ = γbD
∗ = 0:04, the model is suitable for the com-

posite gas reservoir considering the stress sensitivity effect.
It can be seen from Figures 6 and 7 that type curves of

the composite gas reservoir well test considering the stress
sensitivity effect can be divided into five basic flow regimes

including ① the wellbore storage stage, ② the transition
stage dominated by the skin factor, ③ the inner zone radial
flow stage, ④ the transition stage between the inner zone
and outer zone radial flow stages, and ⑤ the outer zone
radial flow stage. The characteristics of the wellbore storage
stage are not affected by the stress sensitivity effect. The tran-
sition stage and the radial flow stage are significantly affected
by the stress sensitivity effect. For the pressure drawdown
well test shown in Figure 6, the pseudo-pressure curve has
a significant uplift compared with the conventional well test
curve indicating a larger pressure drawdown at the same
dimensionless time tD after considering the stress sensitivity
effect; the pseudo-pressure derivative curve at the inner zone
radial flow stage gradually deviates upward from the 0.5 hor-
izontal line indicating the permeability decreases with the
increase of the pressure drawdown at the inner zone radial
flow stage; the pseudo-pressure derivative curve at the outer
zone radial flow stage gradually deviates upward from the
M/2 (mobility ratio/2) horizontal line indicating the perme-
ability decreases with the increase of the pressure drawdown
at the outer zone radial flow stage.

For the pressure buildup well test shown in Figure 7, the
pseudo-pressure curve has a significant uplift compared with
the conventional well test curve after considering the stress
sensitivity effect; the pseudo-pressure derivative curve at
the inner zone radial flow stage gradually descends towards
the 0.5 horizontal line indicating the permeability increases
with the increase of the formation pressure during the
buildup stage, while the pseudo-pressure derivative curve
at the outer zone radial flow stage gradually descends
towards theM/2 horizontal line. The pseudo-pressure deriv-
ative curve is slightly higher than the M/2 horizontal line at
the outer zone radial flow stage indicating that the formation
pressure is close to the initial pressure.

3.3. Parameter Sensitivity Analysis

3.3.1. The Effect of Stress Sensitivity Coefficient. The type
curves of pressure drawdown and buildup well tests consid-
ering the stress sensitivity effect under different stress sensi-
tivity coefficients are shown in Figures 8 and 9. The
corresponding parameter values are CD = 1, S = 1, r1D = 500
, M = 0:5, ω = 1, and γdD

∗ = γbD
∗ = 0, 0.02, 0.04, and 0.06.

As shown in Figure 8, for the pressure drawdown well
test, as stress sensitivity coefficients γdD

∗ and γbD
∗ increase,

the pseudo-pressure curve gradually rises, and the pseudo-
pressure derivative curve deviates upward from the 0.5 hor-
izontal line at the inner zone radial flow stage, while it devi-
ates upward from the M/2 (mobility ratio/2) horizontal line
at the outer zone radial flow stage. The changes indicate that
the pressure drawdown becomes larger, and the permeability
becomes lower at the same dimensionless time tD as stress
sensitivity coefficients increase.

For the pressure buildup well test shown in Figure 9, as
stress sensitivity coefficients γdD

∗ and γbD
∗ increase, the

pseudo-pressure and pseudo-pressure derivative curves
gradually rise, which means that the speed of formation
pressure buildup is quicker as stress sensitivity coefficients
γdD

∗ and γbD
∗ increase. The pseudo-pressure derivative
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curve at the inner zone radial flow stage gradually descends
towards the 0.5 horizontal line, while the pseudo-pressure
derivative curve at the outer zone radial flow stage gradually
descends towards the M/2 (mobility ratio/2) horizontal line
in all cases.

3.3.2. The Effect of Hysteresis Effect. The type curves of pres-
sure drawdown and buildup well tests considering the hys-
teresis effect are shown in Figures 10 and 11. The
corresponding parameter values are CD = 1, S = 1, r1D = 500
, M = 0:5, ω = 1, γdD∗ = 0:1, and γbD

∗ = 0:1, 0.05, and 0.01.
As shown in Figure 10, for the pressure drawdown well

test with one production stage followed by one shut-in stage,
the stress hysteresis effect has no effect on the curve of pres-
sure drawdown well test due to the same stress sensitivity
coefficient γdD

∗ at the pressure drawdown stage.
For the pressure buildup well test curve shown in

Figure 11, as the stress sensitivity coefficient γbD
∗ of buildup

stage decreases, and the pseudo-pressure derivative curve
gradually rises at both inner zone and outer zone radial flow
stages. Moreover, the transition stage between inner zone
and outer zone radial flow stages appears later. Because the
lower stress sensitivity coefficient of buildup stage γbD

∗ is,
the slower of permeability recovery speed is. The final per-
meability recovery value is also smaller at the pressure
buildup stage.

3.3.3. The Effect of Skin Factor. The type curves of pressure
drawdown and buildup well tests considering the stress sen-
sitivity effect under different skin factors are shown in
Figures 12 and 13. The corresponding parameter values are
CD = 1, γdD∗ = γbD

∗ = 0:04, M = 0:5, ω = 1, r1D = 500, and S
= −1, 1, 3, and 5.

As shown in Figures 12 and 13, the pseudo-pressure
curves of pressure drawdown and buildup well tests both
have an uplift as the skin factor S increases indicating a
larger pressure drawdown or buildup at the same dimen-
sionless time tD. At the inner zone or outer zone radial flow
stages, the pseudo-pressure derivative curves of pressure
drawdown well test obviously deviate upward as the skin fac-
tor increases, but the pseudo-pressure derivative curves at
the radial flow stage of pressure buildup well test are not
affected by the skin factor. This feature is different from that
of the conventional composite gas reservoir well test curve.
For conventional composite gas reservoir well test type
curves under different skin factors, the pseudo-pressure
derivative curves for both pressure drawdown and buildup
well tests are 0.5 horizontal lines at inner zone radial flow
stages. Those are M/2 horizontal lines at the outer zone
radial flow stages.

3.3.4. The Effect of Inner Radius. The type curves of pressure
drawdown and buildup well tests considering the stress

0.01

0.1

1

10

100

0.01 100000000

r1D increases

0.5 horizontal line

M/2 horizontal line

tD/CD

r1D = 200
r1D = 300

r1D = 400
r1D = 500

𝜓
w
D
, 𝜓

wʹ
D

1 100 10000 1000000

Figure 14: Well test curves of the pressure drawdown well test under different inner zone radii.

0.01

0.1

1

10

100

0.01 100000000

r1D increases
0.5 horizontal line

M/2 horizontal line

tD/CD

r1D = 200
r1D = 300

r1D = 400
r1D = 500

𝜓
w
D
, 𝜓

wʹ
D

1 100 10000 1000000

Figure 15: Well test curves of the pressure buildup well test under different inner zone radii.
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sensitivity effect under different inner radii are shown in
Figures 14 and 15. The corresponding parameter values are
CD = 1, S = 1, γdD∗ = γbD

∗ = 0:04, M = 0:5, ω = 1, and r1D =
200, 300, 400, and 500.

As shown in Figures 14 and 15, the radius of inner
zone mainly affects the duration of inner zone radial flow.
The larger inner zone radius leads to a longer duration of
inner zone radial flow and a later appearance of the tran-
sition stage between inner zone and outer zone radial flow
stages.
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Figure 20: The pressure history of the well in the deepwater gas
reservoir.
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Figure 17: Well test curves of the pressure buildup well test under
different mobility ratios.

0.01

0.1

1

10

100

0.01 100000000

𝜔 increases

0.5 horizontal line

tD/CD

𝜔 = 10
𝜔 = 5
𝜔 = 1

𝜔 = 0.5
𝜔 = 0.1

𝜓
w
D
, 𝜓

wʹ
D

1 100 10000 1000000

Figure 19: Well test curves of the pressure buildup test under
different storage ratios.

Table 1: The basic parameters of gas well test in the deepwater gas
reservoir.

Parameters Values

Well type Vertical well

Initial pressure (MPa) 72.91

Reservoir temperature (°C) 167.68

Effective thickness (m) 9.1

Wellbore radius (m) 0.127

Porosity (decimal) 0.2197

Rock compressibility (MPa-1) 0.000501

Relative density of natural gas (decimal) 0.764
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Figure 16: Well test curves of the pressure drawdown well test
under different mobility ratios.
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Figure 18: Well test curves of the pressure drawdown well test
under different storage ratios.

12 Geofluids



3.3.5. The Effect of Mobility Ratio. The type curves of pres-
sure drawdown and buildup well tests considering the stress
sensitivity effect under different mobility ratios are shown in
Figures 16 and 17. The corresponding parameter values are
CD = 1, S = 1, γdD∗ = γbD

∗ = 0:04, ω = 1, r1D = 500, and M =
0:2, 0.6, 1.0, 1.5, and 2.

As shown in Figures 16 and 17, for the pressure draw-
down well test, the mobility ratio mainly affects characteris-
tics of the transition stage and the outer zone radial flow
stage. A larger mobility ratio leads to a higher pseudo-
pressure and pseudo-pressure derivative curve at the outer
zone radial flow stage indicating a larger pressure drawdown
and a lower permeability in the outer zone at the same
dimensionless time. For the pressure buildup well test, the
mobility ratio has an effect on both inner zone and outer
zone radial flow stages. A larger mobility ratio leads to a
higher pseudo-pressure and pseudo-pressure derivative
curve in both two flow regimes. The feature is different from
the pressure buildup well test curve of conventional compos-
ite gas reservoir. The mobility ratio has no effect on the
pseudo-pressure derivative of both pressure drawdown and
buildup well tests at the inner zone radial flow stage for
the conventional well test curve.

3.3.6. The Effect of Storage Ratio. The type curves of pressure
drawdown and buildup well tests considering the stress sen-
sitivity effect under different storage ratios are shown in
Figures 18 and 19. The corresponding parameter values are

CD = 1, S = 1, γdD∗ = γbD
∗ = 0:04, r1D = 500, M = 1, and ω =

0:1, 0.5, 1, 5, and 10.
As shown in Figures 18 and 19, when the storage ratio ω

is greater than 1, the curve shows a small hump at the tran-
sition stage between inner zone and outer zone radial flow
stages indicating that the inner zone storage capacity is
greater than that of the outer zone. When the storage ratio
ω is less than 1, the curve shows a small concave.

4. Case Study

Taking a case from a deepwater gas reservoir with high tem-
perature and pressure as an example, the basic parameter of
the well is shown in Table 1. The pressure history of the well
is shown in Figure 20.

Taking the second buildup stage to conduct the well test
interpretation, interpretation results are shown in Figure 21
and Table 2. It can be seen that there is no obvious boundary
response in the well test curve; thus, the well test model is
chosen as the infinite model with a constant well storage
coefficient and skin factor. The pressure derivative curve of
the pressure buildup well test has obvious downward trend
indicating the influence of the stress sensitivity effect. There-
fore, a well test model considering the stress sensitivity effect
is used in the well test interpretation of this case. Besides, the
results of well test interpretation with and without consider-
ing the stress sensitivity effect are compared shown in
Figure 21 and Table 2.
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Figure 21: Comparison of interpretation results with and without considering the stress sensitivity effect. (a, b) Well test interpretation
results in the double logarithmic curve. (a) The interpretation result without considering the stress sensitivity effect. (b) The
interpretation result considering the stress sensitivity effect. (c, d) Well test interpretation results in the semilogarithm curve. (c) The
interpretation result without considering the stress sensitivity effect. (d) The interpretation result considering the stress sensitivity effect.
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It can be seen from Table 2 and Figure 21 that better fit-
ting results of pressure curves can be obtained after consid-
ering the stress sensitivity effect. The skin factor will be
exaggerated without considering the stress sensitivity effect.
Therefore, the accuracy of the well test interpretation for
the deepwater gas reservoir with high temperature and pres-
sure is improved after considering the stress sensitivity
effect.

5. Conclusion

The paper establishes a composite gas reservoir pressure
buildup well test model considering the stress sensitivity
and the hysteresis effect to guide well test interpretations
for high temperature and pressure composite gas reservoirs
in deepwater. Based on the research, the following conclu-
sions are obtained:

(1) The solutions to composite gas reservoir pressure
drawdown and buildup well test models considering
the stress sensitivity and the hysteresis effect are
obtained by the numerical differentiation method.
Then, the solution to pressure drawdown well test
model is verified by comparing with the analytical
solution obtained by the perturbation method and
the analytical solution to the conventional well test
model. The solution to the pressure buildup well test
model is verified by comparing with the homoge-
neous gas reservoir well test solution from the
research of Zhang and He after setting M = 1, ω = 1
, and γ∗bD = γ∗dD

(2) The differences between pressure drawdown and
buildup well test curves considering the stress sensi-
tivity effect and the hysteresis effect are compared.
The main flow regimes affected by the stress sensitiv-
ity effect are the inner zone and outer zone radial
flow stages. The pressure derivative curve of pressure
drawdown well test considering the stress sensitivity
effect deviates upward from the 0.5 horizontal line at
the inner zone radial flow stage, while it deviates
upward from the M/2 (mobility ratio/2) horizontal
line at the outer zone radial flow stage. However,
for the pressure buildup well test curve considering
the stress sensitivity effect, the pressure derivative

curve gradually descends to the 0.5 horizontal line
at the inner zone radial flow stage, while it descends
to the M/2 (mobility ratio/2) horizontal line at the
outer zone radial flow stage. The pressure derivative
curve considering the hysteresis effect is higher than
the curve without considering the hysteresis effect
for the pressure buildup well test, because the perme-
ability cannot be recovered to its original value in the
buildup stage after considering the hysteresis effect

(3) The effects of different parameters such as stress sen-
sitivity coefficient, hysteresis effect coefficient, skin
factor, inner radius, mobility ratio, and storage ratio
on type curves are analyzed. The stress sensitivity
coefficient, skin factor, and mobility ratio have dif-
ferent effects on pressure drawdown and buildup
well test curves after considering the stress sensitivity
effect, which are different from conventional well test
curves without considering the stress sensitivity
effect

(4) A well test interpretation case from the deepwater
gas reservoir with high temperature and pressure is
studied. The result indicates that the accuracy of
interpretation is improved after considering the
stress sensitivity effect. The skin factor will be exag-
gerated without considering the stress sensitivity
effect
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Table 2: Comparison of interpretation results with and without considering the stress sensitivity effect.

Parameters
Considering the stress

sensitivity effect
Without considering the stress
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Variation amplitude of the interpretation

parameters (%)

Well storage coefficient
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0.280 0.283 1.06
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Permeability (mD) 5.54 6.50 17.3

Stress sensitivity
coefficient (MPa-1)

0.012 – –

Mobility ratio 1.0 1.0 –

Storage ratio 1.0 1.0 –
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The random existence of many irregular pore structures in geotechnical materials has a decisive influence on its permeability and
other macroscopic properties. The analysis and characterization of the micropore structure of the material and its permeability are
of great significance for geotechnical engineering. In this study, digital images with different magnifications were used to examine
the pore structure and permeability of sandstone samples. The image processing method is used to obtain binary images, and then,
the pore size distribution method is used to calculate the pore size distribution. Therefore, based on the Hagen-Poiseuille formula,
we get the prediction value of material’s permeability and compare it with the value obtained from mercury intrusion porosimetry
(MIP). It is found that different microscopic images with different magnification and various statistical methods of pore size have a
specific influence on the characterization of pore structure and permeability prediction. The porosity of different magnifications is
not the same, and the results obtained at higher magnifications are more consistent with the results obtained with MIP. With the
increase of magnification, we can observe more pores in large sizes. The effect of CPSD (continuous pore size distribution) in pore
size statistics is better than that of DPSD (discrete pore size distribution). In permeability prediction, the prediction result of
higher magnification images are closer to the instrument test value, and the value of DPSD is more significant than that of
CPSD. In future research, an appropriate method should be selected to obtain a reasonable prediction of the permeability of
the target material.

1. Introduction

For the characterization of sandstone reservoirs, porosity,
pore size distribution, and permeability are essential param-
eters for reservoir evaluation. A sandstone sample usually
contains many irregular, variable-sized, randomly distrib-
uted, interconnected pores, which become the main accu-
mulation places and percolation channels for hydrocarbon
fluids. The porosity determines the storage capacity of
hydrocarbons, while the pore size distribution and perme-
ability directly affect the transport capacity of hydrocarbons
[1–4]. Therefore, the macroscopic gas permeability experi-
ment can usually obtain the gas transport mode but cannot

reveal its transport mechanism [5–8]. On the other hand,
microscopic analysis can observe the development of pores
and fractures in the sample, which provides a direct basis
for studying the seepage evolution mechanism of a rock
mass. Therefore, microscopic analysis of the pore structure
and permeability can help to reveal the distribution of oil
and gas in sandstone reservoirs and the microscopic trans-
port mechanism [9, 10].

The main methods of studying microscopic pore struc-
ture in the existing work are divided into two categories.
The first category methods use the physical measure to eval-
uate the pore throat radius distribution, connectivity, and
pore structure parameters, and it includes MIP, nitrogen
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adsorption, and nuclear magnetic resonance (NMR) [8, 11,
12]. The second category methods use precision instruments
to obtain digital images containing the microscopic mor-
phology of a sample, such as computed tomography (CT),
scanning electron microscope (SEM), and transmission elec-
tron microscopy (TEM) [13, 14]. The first category methods
are widely used in existing research. Still, it has some disad-
vantages: the pore size distribution of the specimen can be
well characterized by MIP, but the higher pressure can affect
the pore structure of the sample itself, thus affecting the
characterization of the pore structure. Nitrogen adsorption
can only characterize pores with a radius of less than
100nm. NMR is a nondestructive technique that simulates
the specimen and indicates a wide pore size, but its accuracy
depends on calibration experiments. These pore structure
characterization methods all have a common disadvantage.
They do not allow visual observation of the pore structure
of the rock samples [1, 15].

For the second category, such as CT, SEM, and TEM, the
pore structure of the sample can be directly observed. The
three-dimensional pore structure of the sample can be seen
using computed tomography, but it is difficult to character-
ize the pores on the nanoscale. TEM is suitable for measur-
ing sample’s morphology, but the test requires a relatively
thin piece to allow the passage of electrons. SEM can charac-
terize the pores at different scales, from the nanoscale to the
millimeter scale. Furthermore, the previous study found spe-
cific differences in the pore structure properties (porosity,
pore size distribution, etc.) characterized by SEM images of
different scales [2, 3, 13]. Therefore, different magnifications
of SEM images were performed in this study to examine and
quantify the pore structure of the same sample.

The next section of this paper is organized as a follow-
up: the SEM images are first acquired at different magnifica-
tions and studied from different scales. Then, a reasonable
threshold value is selected based on the correlation threshold
determination algorithm to binarise the image segmentation.
The pore size distribution is then calculated based on the
discrete and continuous pore size distribution algorithms.
Finally, permeability prediction is based on the Hagen-
Poiseuille equation and the previous pore size distribution
information. Simultaneously, the results of the digital
image-based calculations are compared to those of labora-
tory experiments (e.g., mercury pressure experiments and
gas permeability experiments) to verify the adaptability
and accuracy of the relevant algorithms.

2. Materials and Methodology

2.1. SEM Image Scanning and Image Information. Using a
Quantatm 250 scanning electron microscope introduced by
China University of Mining and Technology from the FEI
Company in the United States, sandstone is scanned by
SEM. The equipment has an excellent stable operation of
ultralow vacuum/low vacuum and sample signal collection
effect. The density of the intact sandstone sample is 2:565
± 0:1 g/cm2. The porosity measured by the mercury injec-
tion method is 4.52%. The main mineral components of
sandstone include quartz, potassium feldspar, plagioclase,

calcite, siderite, and clay minerals (Illite, Kaolinite, Chlorite,
and Smectite). The collected sandstone samples are 10mm
∗ 10mm ∗ 10mm fragments (as shown in Figure 1). SEM
images of sandstone with different magnifications are
obtained by a scanning electron microscope, with 600-fold,
1200-fold, and 2000-fold, respectively. The resolution of
the SEM image is relatively high, and it is easier to obtain
digital images of different scales. While CT can get pore sizes
on the nanoscale, SEM can acquire pores as tiny as a micron.
The pixel accuracy of different images is shown in Table 1.
As can be observed that the increase of magnification, the
smaller the pixel accuracy of the image is, that is, the smaller
the pore structure is observed.

2.2. Methodology

2.2.1. Method for Calculating Porosity. Following binary seg-
mentation of the digital image, pores’ pixels are assigned a
value of 0, while the remaining matrix is assigned a value
of 1. The porosity φ is calculated as follows:

φ =
Sφ
S

× 100%, ð1Þ

where φ stands for porosity, %; Sφ represents the area of the
pore; S represents the total area of the image.

2.2.2. Characterization of Pore Size Distribution. There are
two main algorithms for determining the pore size distribu-
tion (PSD) of a sample using digital images: DPSD and
CPSD. The main difference between DPSD and CPSD is that
CPSD takes into account pore geometry when extracting
pore size distribution. The principal idea of the “continuous
PSD” at a specific pore radius rs is to determine the amount
of pore volume (3D) or a rather pore area (2D), which
potentially can be covered with spheres and circles of the
radius rs in 3D and 2D, respectively. Even a single uncon-
nected pore object becomes not a single value only but
instead possesses its PSD, as it is inspected individually. In
contrast, the principle of the CPSD algorithm is similar to
the mercury injection method. For DPSD, the sizes of their
volume and their area are determined subsequently for the
3D case and the 2D case, respectively. A respective pore
radius may be determined for each pore object from such
volume or area by calculating the radius of its size-
equivalent sphere or circle. The primary approach is to con-
vert irregular pores to circles or spheres using the equal area
principle [16]. To further understand the binary principle,
two images are presented in Figure 2.

2.2.3. Permeability Calculation. Hagen-Poiseuille law is a
physical law in nonideal fluid dynamics. It proposes that
when an incompressible Newtonian fluid passes through a
long cylindrical tube with a particular section in laminar
flow [8, 17], the velocity distribution of the section is

ν = ΔP
4μL R2 − r2

� �
, ð2Þ

where r is the distance from the center of the circle; ΔP is the
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pressure difference between the two ends of the pipe, which
is expressed in MPa; μ is hydrodynamic viscosity, which is
expressed in Pa•s; L is the length of the cylindrical pipe,
which is expressed in μm; R is the radius of the cylindrical
tube, which is expressed in μm. By integrating Equation
(2) over the entire cross-section, the total volume flow of
the fluid through the cross-section of the pipeline can be
obtained as follows:

Q = πR4ΔP
8μL : ð3Þ

As seen in Figure 3, it is considered that the total flow
through the pore structure of the sample and the total flow
through each small pore are equal to each other, then it
can be obtained:

Q =〠Qi, ð4Þ

where Q is the total instantaneous flow of the sample micro-
structure, expressed in mm3/s; Qi is the flow rate of each tiny
pore expressed in mm3/s. As seen from Darcy’s law, the flow
of fluids also follows Darcy’s law:

Q = kA
μL

ΔP, ð5Þ

where k is permeability, which is expressed in m2; A is the
cross-sectional area of the fluid, which is expressed in mm2.

In combination with (3), (4), and (5), the following can
be obtained:

kA
μL

ΔP =Q =〠Qi =〠πR4
i

8μLΔP: ð6Þ

The expression of permeability can be further simplified
as follows:

k = π

8A〠R4
i =

1
8A〠AiR

2
i , ð7Þ

where Ri is pore radius, which is expressed in mm; Ai is the
radius Ri of pore area, which is expressed in mm2.

According to Equation (7) and the simplified internal
pore, the permeability of sandstone can be predicted by a
digital image.

3. Results and Analysis

3.1. Gray Threshold Selection. As shown in Figure 4, digital
images with different magnification are adopted in this
study, showing that SEM images can more intuitively
observe the pore structure of sandstone. The darker pixels
mean the pore of sandstone, while the lighter pixels are seen
as the matrix. Before the quantitative characterization of the
pore structure, image preprocessing is needed to lay a foun-
dation for subsequent analysis. Brightness and contrast
adjustments, image denoising, and image enhancement are
all examples of image preprocessing. Generally speaking,
for SEM images, the image quality is usually better. Image
denoising does not have a significant impact on the subse-
quent characterization of the image. The change in bright-
ness will not significantly affect the shape of the gray
distribution curve (within a specific range). However, the
difference in contrast has a significant effect on the shape
of the gray distribution curve. Through the above method,
the digital image obtained by processing is shown in
Figure 5. It can be seen that the pore and matrix structure

Figure 1: A sandstone sample and scanning sample.

Table 1: Resolution of images with different magnifications.

Magnification 600x 1200x 2000x

Pixel accuracy (μm/pixel) 0.481 0.240 0.145
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Figure 2: Comparison of calculation principles between DPSD and CPSD with the same pore structure.

Figure 3: Capillary bundle model of porous media.

Figure 4: SEM images of different scales of a sandstone sample.

Figure 5: SEM images after preprocessing.
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can be better identified and distinguished in the prepro-
cessed image.

The segmentation threshold is the most important way
to segment a pore structure from the digital image. The
threshold determination methods suitable for geomaterials
are mainly divided into threshold algorithm determination
and artificial selection. Different algorithms have a signifi-
cant impact on threshold determination and subsequent seg-
mentation results. Therefore, a detailed comparative analysis
is required to reach a more appropriate threshold value
before determining the threshold value. In particular, the
thresholds of digital images with different magnifications
are 21, 23, and 28, respectively. After binary segmentation
[2, 3], the binary image is shown in Figure 6, where we can
see that the pore structure can be easily virtually identified.

3.2. Pore Structure Characteristics of Images with
Different Scales

3.2.1. Porosity Calculation. According to the threshold seg-
mentation results in the previous section, combined with
Equation (1), the porosity of images with different magnifi-
cations is shown in Figure 7. Compared with the MIP result,
it can be seen that the extraction results of apparent porosity
are relatively close to the MIP result, especially when the
magnification is 2000 times. According to Figure 7, it can
be seen that the porosity extracted from the SEM digital
image of sandstone is relatively reliable, although there are
some differences.

3.2.2. Pore Size Distribution Calculation. This work deter-
mines the distribution of pore sizes in a microscopic image
at different magnifications based on CPSD and DPSD tech-
niques mentioned in Munch’s research. The pore sizes mea-
sured by MIP can be found to be smaller than those based on
digital images. The pixel accuracy of the 2000x image is
0.145μm (continuous) and 0.08μm (discrete), while the
pore size range of the CPSD experiment is 0.004-0.25μm.
The CPSD results are closer to the MIP than the CPSD
results. The peak pore size for the three magnification
images is 1.44μm (30.64%), 0.72μm (27.68%), and 0.43μm
(21.33%), respectively. Thus, most pores that can be charac-
terized based on digital image techniques are on the micron
scale. It is interesting to note that digital image-based
methods can effectively characterize large pores, whereas
MIP completely ignores pores of this scale. Therefore, the
pore size distribution can be better represented at full scale
if the two tools are combined.

Figures 8(a) and 8(b) show the calculation results based
on CPSD and DPSD. Although the two calculation methods
are fundamentally different, at 600 magnification, large
pores account for a greater proportion of the results. On
the contrary, most of the calculation results at a magnifica-
tion of 2000 are small-sized pores. Apparently, as the magni-
fication increases, the field of view of the image is reduced to
a certain extent, and obtained pores are less, so the propor-
tion of pores of different sizes change to a particular time.
Comparing the pore size distribution in the same image
obtained by various methods, it is found that the large-
sized pores account for a more significant proportion of
the DPSD calculation results based on the same image. Still,
the CPSD calculation results are primarily small- and
medium-sized pores. Therefore, the pore size measured by
DPSD is too large.

3.3. Permeability Prediction Based on Images with Different
Scales. Based on the pore size distribution obtained in the
previous work, we used the Hagen-Poiseuille method to cal-
culate sample’s permeability. The calculation results are
shown in Figure 9.

The predicted permeability values were found to be
decreasing as the magnification increased: the permeability
calculated for the three magnification images were 2:49 ×
10−14 m2 (discrete 9:21 × 10−14 m2), 8:14 × 10−14 m2

(4:08 × 10−14 m2), and 3:94 × 10−14 m2 (2:16 × 10−14 m2),
respectively. According to the principle of permeability cal-
culation, it is clear that the permeability size is closely related
to the pore size distribution and porosity. In addition, it can

Figure 6: SEM images after segmentation.
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Figure 7: Porosity calculation results based on digital images and
MIP.
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be found that the proportion of pore area in the field of view
is more significant, and most of them are large pores, with
tiny pores below 0.6μm accounting for only 3%. Hence, its
permeability prediction is higher when image’s magnifica-
tion is 600. While the proportion is of 2000 rises to 50%.
Meanwhile, according to Figure 7, the figure of porosity
shows a marked decrease, and there is a similar trend in
the volume of pore space per unit area of view, leading to
the drop of permeability.

Compared to DPSD, the value of permeability prediction
by CPSD is smaller. Although DPSD measures a slight
increase in the proportion of macropores, DPSD classifies

and sizes pores based on the connectivity components of
the binary image. In contrast, CPSD treats pixels that can
be covered in a moving sweep of same-sized circles as
same-sized pores. In order to convert the pore size and area
obtained by CPSD into the permeability value of the Hagen-
Poiseuille formula, we use Equation (7), assuming that the
pores are circular. After that, they used the radius of the cir-
cle instead of the radius of the corresponding area circle to
calculate the pore size. Specifically, as in the first step of
Figure 3, the large pore sizes are primarily concentrated in
the middle of the port area, where the radius of the equiva-
lent area circle is larger than the radius of the maximum
inner tangent circle. However, the CPSD pore size considers
the maximum inner tangent circle radius, as detailed by
Muench and Holzer [16]. It means that the same pore, com-
pared to the DPSD, is treated by the CPSD as several smaller
pore sizes. Therefore, the CPSD measurement leads to a
small permeability prediction based on the Hagen-
Poiseuille hypothesis about the pore geometry.

The predicted value is higher when compared to the
measured value. The difference between the two is 1 to 2
orders of magnitude. Pore spaces of tiny size are difficult to
perceive and measure due to image acquisition magnifica-
tion limitations. In addition, the tortuosity of the pore net-
work is not considered in the permeability calculations,
nor is the complexity of the 3D pore network. These result
in a large gap between the predicted permeability values
based on microscopic images and equipment testing. In the
future, the superposition and fusion of some images of dif-
ferent scales can be carried out to obtain an accurate three-
dimensional model based on multiscale digital images. Fur-
thermore, some quantitative characterization experiments
based on the cross-scale 3D digital model may be closer to
the experimental test results.
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Figure 8: Calculation results of pore size distribution based on digital images and MIP.
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4. Conclusion

In this paper, a scanning electron microscope is used to
obtain images of a sandstone sample for different magnifica-
tions of its microstructure. A threshold segmentation
method is selected to segment the image. Then, the pore dis-
tribution of different sizes is measured based on the contin-
uous pore size distribution and discrete pore size
distribution methods. Finally, the Hagen-Poiseuille perme-
ability calculation method is selected based on digital images
to calculate sample’s permeability.

The magnification of the image acquisition affects the
perceived porosity and subsequent calculations. It is found
that the magnification of the image has a noticeable effect
on the characterization of the pore structure. As the magni-
fication increases, the field of view of the image becomes
smaller, and the perceived pores are less. The greater the
magnification, the more pores, and medium pores are
observed. As the proportion of macropores decreases, the
predicted value of permeability decreases slightly. Pore dis-
tribution measurement methods have a noticeable impact
on the pore size statistics and permeability calculations.
Due to the difference in the pore size calculation principle
of the two algorithms, the permeability calculated based on
CPSD is lower than that of DPSD, which is larger than the
experimental result. The difference is about one to two
orders of magnitude. In the future, to obtain a more accurate
prediction, a three-dimensional digital model should be
established. There are usually two ways to get a three-
dimensional digital model. One is to perform three-
dimensional reconstruction through X-CT scanning.
Another method is to use the simulated annealing method
to reconstruct the SEM image in three dimensions. Addi-
tionally, the tortuosity of the pore network and the complex-
ity of the 3D pore network should be considered.
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The streaming potential effect in soil-rock mixture (SRM) is related to the compactness and rock content, but there is no model to
quantitatively describe this behavior. In this paper, the Kozeny–Carman (KC) equation is modified by using the compactness and
rock content. Then, the modified KC equation is substituted into the equation of streaming potential coupling coefficient. A new
modified model of streaming potential coupling coefficient that depends on the compactness, rock content, particle shape, and
particle gradation is proposed. The reliability of the new modified model is tested by experiments, and the applicable scope of
the model is obtained. The results show that when the rock content is 30%, the permeability coefficient prediction accuracy of
the modified KC equation is higher in the range of 85–95% compactness. The new modified model of the streaming potential
coupling coefficient represents well the control of the compactness (75–95%) on the coupling coefficient. When the compactness
remains 85%, the permeability coefficient calculated by the modified KC equation in the range of 10–70% rock content is
consistent with the experimental data. The influence of the rock content (10–90%) on the coupling coefficient is well described
by the new modified model of the streaming potential coupling coefficient. The new modified model of streaming potential
coupling coefficient is helpful to quantitatively evaluate the internal structure evolution of embankment dam by using streaming
potential phenomenon.

1. Introduction

Embankment dams play an important role in flood control,
irrigation, and power generation. However, the structural
aging problem and service life prediction have become the pri-
mary concerns of embankment dams in long-term operation.
Streaming potential effect is a kind of electrokinetic phenom-
enon, and the generation process is closely related to the seep-
age of porous media [1, 2]. It is often used for monitoring of
water flow process and has the potential to obtain information
on the structure of embankment dams [3]. At present, a large
number of studies have been conducted on the streaming
potential coupling coefficient model of pure rock and soil.
SRM as filling material of embankment dam and the seepage

characteristics of SRM are mainly affected by structural factors
such as rock content, compactness, particle shape, and grading
curve [4–6]; that means the model of streaming potential
coupling coefficient of SRM is different from that of rock
and soil. Therefore, the existing streaming potential coupling
coefficient model cannot describe the structural characteristics
of the SRM.

The issue of the permeability coefficient model of SRM has
received considerable critical attention. Xu and Wang [7]
point out that the seepage problem of geotechnical media
can be solved by means of the heat conduction problem in
thermodynamics, and according to the four basic structural
models of the thermal conductivity of composite materials
(parallel, series, Maxwell-Eucken, and effective medium
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theory), the relationship between the permeability coefficient
of the SRM and the rock content is obtained (see Table 1). A
variety of hybrid structural models are obtained by using the
simple combination for the four basic structural models [8].
The series-and-parallel model is developed on the basis of
the series model and the parallel model, and the phenomenon
that the volume of the SRM will decrease after the fine parti-
cles are filled into the pores of the coarse particles is taken into
account in this model; then, the model is verified by experi-
ments and shows high accuracy [9]. As shown in Table 1,
the relationship between permeability coefficient and rock
content has been established in the permeability coefficient
model of SRM, but the model does not depend on compact-
ness, particle gradation, and particle shape, and it is difficult
to incorporate these structural factors into the model.

The KC equation shows good performance in predicting
the permeability of porous media. A large number of scholars
have successfully applied the KC equation to the prediction of
the permeability of coarse-grained soil [14–16]. Recently,
some scholars have extended the scope of application to the
permeability prediction of fine-grained soil by substituting
the effective porosity into the KC equation [17–19]. Previous
studies indicate that the KC equation has the potential to
describe the permeability of SRM. The KC equation reveals
the relationship among porosity, particle shape, and particle
gradation [20]. However, the KC equation is not related to
the compactness and rock content. This triggers us to consider
establishing the relationship between the KC equation and
compaction and rock content through porosity.

The streaming potential coupling coefficient has been
the subject of many classic studies in the streaming potential
phenomenon. Based on the capillary model, the Helmholtz-
Smoluchowski (HS) equation for obtaining streaming poten-
tial coupling coefficient is proposed [21, 22]:

C = εζ

μσf
, ð1Þ

where C (VPa-1) is the streaming potential coupling coeffi-
cient, ɛ (Fm-1) is the dielectric permittivity, μ (Pa s) is the
dynamic viscosity, σf (Sm

-1) is the fluid conductivity, and ζ

(V) is the zeta potential. The HS equation is valid when the
surface conductivity is not considered. The HS equation is
independent of themedium structure, so scholars have studied
the streaming potential effect of a large number of different
porous media materials by using the HS equation [23–26].
Revil et al. [27] derived the analytical solution of zeta potential
and specific surface conduction based on the electrochemical
reaction at the solid-liquid interface. Glover and Déry [28],
Glover et al. [29], and Glover [30] obtained a new modified
model by taking the analytical models of zeta potential and
surface-specific conductance into the HS equation and studied
the evolution of the streaming potential coupling coefficient at
different concentrations and pH values. The relationship
between the streaming potential coupling coefficient and tem-
perature, concentration, pH, and microstructure (porosity,
grain size, and formation factor) was established in the new
modified model. As noted above, the HS equation does not

contain anymedium structure information, and the newmod-
ified model is too complex and includes a large number of
parameters, which is not convenient for field application.

Another model for calculating the streaming potential
coupling coefficient is derived based on the effective excess
charge density, which is dragged by the water flow in the
porous medium. Revil and Leroy [31] established a theoretical
system that used the effective excess charge density to describe
the multifield coupling phenomenon in saturated porous
media. The main idea was to extend the local Nernst-Planck
and Stokes equations on the representative elementary volume
scale to the macroscopic scale by the volume average approach.
The streaming potential coupling coefficient was rewritten in
the new theoretical system:

C = Qvk
μσ

, ð2Þ

where Qv (Cm-3) is the effective excess charge density, k is the
permeability (m2), and σ (Sm-1) is the electrical conductivity.
This theoretical systemwas extended to the derivation ofmulti-
field coupling governing equations in partially saturated porous
media [32, 33]. The same formulation for streaming potential
coupling coefficient was obtained in a saturated capillary model
by effective excess charge density [34]. The effective excess
charge density was used to be calculated by empirical relation-
ship [35, 36]. Guarracino and Jougnot [37] proposed an analyt-
ical model of effective excess charge density, which makes the
theoretical system more complete. The advantage of Equation
(2) compared with the HS equation is that it takes into account
the effects of the structure of the medium and surface conduc-
tivity [38]. In addition, the permeability is easy to establish
relationship with other parameters.

In this work, we propose a new modified model directly
relating streaming potential coupling coefficient to the com-
pactness, rock content, particle shape, and particle gradation.
The basic idea is to substitute the KC equation improved by
compactness and rock content into Equation (2) to obtain a
new modified model of streaming potential coupling coeffi-
cient. The newmodified model is verified via comparison with
laboratory data. Our goal in this study is to provide a model
that quantitatively explains the effect of the compactness, rock
content, particle shape, and particle gradation on the stream-
ing potential coupling coefficient of SRM. This is of great sig-
nificance to analyze and explain the failure mechanism and
health status of embankment dams.

2. Model Development

The model is developed by the following method. We first
calculate the porosity of SRM by the parameters of rock con-
tent and compactness, then substitute porosity into the KC
equation to obtain the relationship between permeability
and compaction, rock content, particle gradation, and parti-
cle shape, and finally take the permeability into Equation (2)
to establish the new modified model of the streaming poten-
tial coupling coefficient of SRM.
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2.1. Permeability Coefficient Model of SRM. We assume that
the rock is impermeable and water flows through the pores
between fine particles. Figure 1 shows the sketch of three
phases of SRM, which is composed of air, water, and solid
(rock and soil). We set the volume of solid as Vs = 1 (m3).
The void ratio can be expressed by

e =
Vv

Vs
=
V −Vs

Vs
=

V
Vs

− 1, ð3Þ

where V (m3) is the total volume of SRM and Vv (m
3) is

the total void volume. The total volume of SRM is

V =Vs +Vv = 1 + eVs = 1 + e: ð4Þ

The mass of the solid phase can be expressed by

ms =GsVsρw = Gsρw, ð5Þ

where ms (kg) is the mass of solid phase, Gs is the specific
gravity, and ρw (kgm-3) is the density of water. Based on
the moisture content, it is defined as

mw =wms =wGsρw, ð6Þ

where mw (kg) is the mass of water and w is the moisture
content. The total mass of the SRM m (kg) is

m =ms +mw = 1 +wð ÞGsρw: ð7Þ

Based on Equation (7), we can get another expression of the
total volume of SRM:

V =
m
ρ

=
Gsρw 1 +wð Þ

ρ
=
Gsρw
ρd

, ð8Þ

where ρd (kgm-3) is the dry density of SRM. Combining
Equations (4) and (8), another expression of void ratio can
be obtained:

e =
Gsρw
ρd

− 1: ð9Þ

Using n = e/ð1 + eÞ and Equation (9), we obtain

n = 1 −
ρd

ρwGs
: ð10Þ

According to the geotechnical test standard [39], the
average specific gravity of SRM can be calculated by

Gs =
1

P1/Gs1ð Þ + P2/Gs2ð Þ , ð11Þ

where Gs1 is the specific gravity of soil particles with a parti-
cle size greater than 5mm, Gs2 is the specific gravity of soil
particles with a particle size less than 5mm, P1 is the per-
centage of the total mass of soil particles with a particle size
greater than 5mm, and P2 is the percentage of the total mass
of soil particles with a particle size less than 5mm. In this
study, the threshold value of soil and rock is referred to the
5mm adopted by Zhou et al. [9], that is, more than 5mm
is rock and less than 5mm is soil. The KC equation is devel-
oped by Kozeny [40] and Carman [41, 42] and widely used
to describe hydraulic conductivity of porous media. The
permeability k (m2) is obtained by the KC equation:

k =
1

CK−C

1
S20

n3

1 − nð Þ2 , ð12Þ

where CK−C is the KC empirical constant, with a value of 5,

Table 1: The model of permeability coefficient of SRM [7, 8].

Model Reference Equation Notes

Parallel model KS−RM pð Þ = CSKS + CRKR
Layered parallel
seepage direction

Series model KS−RM Sð Þ =
KSKR

CSKR + CRKS

Layered vertical
seepage direction

Series-and-parallel model [9] KS−RM SPð Þ =
n3S−RM 1 − nSCS − nRCRð Þ2

2 nSCS + nRCRð Þ3 1 − nS−RMð Þ2
KSKR

CSKR + CRKS
+ CSKS + CRKR

� �
50% in series and

parallel after mixing

M-E model [10, 11] KS−RM MEð Þ =
KSCS + KRCR 3KS/ 2KS + KRð Þð Þ

CS + CR 3KS/ 2KS + KRð Þð Þ

One continuous
phase and one or
more dispersed

phases

EMT model [12, 13] CS

KS − KS−RM EMTð Þ
KS + 2KS−RM EMTð Þ

+ CR

KR − KS−RM EMTð Þ
KR + 2KS−RM EMTð Þ

= 0 All phases being
mutually dispersed

KS is the permeability coefficient of soil; KR is the permeability coefficient of rock. KS−RMðpÞ is the permeability coefficient of soil and broken rock connected in
parallel, KS−RMðSÞ is the permeability coefficient of soil and broken rock connected in series, KS−RMðSPÞ is the permeability coefficient of soil and broken rock
connected both in series and in parallel, KS−RMðMEÞ is the permeability coefficient of the Maxwell-Eucken model of SRM, KS−RMðEMTÞ is the permeability
coefficient of effective medium model for SRM, CS is the percentage of soil volume, CR is the percentage of rock volume, nS is the porosity of soil, nR is
the porosity of broken rocks, and nS−RM is the porosity of SRM after blending.
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and S0 (mm2 mm-3) is the specific surface area of particles
per unit volume, for uniform spherical particles, S0 = 6/Deff
, and for the nonuniform particles, S0 needs to be corrected:

S0 =
SF
Deff

, ð13Þ

where SF is the shape factor [43]: rounded—6.6; medium
angularity—7.5; and angular—8.4. Deff (mm) is the effective
particle size and can be calculated by the following equation:

Deff =
100%

∑i f i/ Dα
li ×D1−α

si
� �� � , ð14Þ

where f i is the percentage of particles between the two
sieves, Dli and Dsi are the larger and smaller sieve sizes
(mm), respectively. For well-graded grain sizes, α = 0:404,
for poorly graded grain sizes, α = 0:68, and for gap-graded
grain sizes, α = 0:9 [44]. The permeability of the SRM can
be obtained by taking Equations (10) and (11) into (12):

k =
1
5
1
S20

ρwGs1Gs2 − ρd p1Gs2 + p2Gs1ð Þ½ �3
ρwGs1Gs2ρ

2
d p1Gs2 + p2Gs1ð Þ2 : ð15Þ

Based on the relationship between permeability and per-
meability coefficient, K = ρwgk/μ, the equation for calculat-
ing permeability coefficient of SRM can be obtained:

K =
ρwg
5μ

1
S20

ρwGs1Gs2 − ρd p1Gs2 + p2Gs1ð Þ½ �3
ρwGs1Gs2ρ

2
d p1Gs2 + p2Gs1ð Þ2 : ð16Þ

2.2. Streaming Potential Coupling Coefficient Model of SRM.
Equation (2) has proved to be applicable to porous media
with arbitrary structure and multicomponent electrolyte
[45, 46]. Therefore, Equation (2) can also be used to calcu-
late the streaming potential coupling coefficient of the
SRM. We take Equation (15) into (2) to obtain the modified
model of streaming potential coupling coefficient of SRM:

C =
1
5
Qv

ησ

1
S20

ρwGs1Gs2 − ρd p1Gs2 + p2Gs1ð Þ½ �3
ρwGs1Gs2ρ

2
d p1Gs2 + p2Gs1ð Þ2 : ð17Þ

The rock content (the ratio of the mass of the rock to the
mass of the SRM is defined as the rock content) and dry
density (compactness is equal to the ratio of dry density to
maximum dry density) are substituted into the streaming
potential coupling coefficient model. It has previously been
observed that the effective excess charge density obviously
depends on the permeability [47]. According to the empiri-
cal relationship, the effective excess charge density can be
calculated [35, 36]:

log10Qv = A1 + A2 log10 kð Þ, ð18Þ

where A1 and A2 are constant values. We will fit these two
constants by experimental data. This empirical relationship
is widely used to capture water flow information and geo-
metrical properties of media [48–50].

3. Experimental Methods

The experimental scheme is shown in Table 2. We use the
self-designed device to measure the potential and water pres-
sure when the brine flow through the SRM. The quality of
material is strictly controlled, and the same test procedures
are adopted. The specific experimental methodology is
described by Zhang et al. [51].

The particle size distribution of SRM material (weath-
ered broken argillaceous rock) is shown in Table 3. The
SRM with Cu ≥ 5 and Cc = 1 – 3 is thought to be well graded,
if not, the SRM is regarded as poorly graded [52]. So we con-
sider gradations 1 and 5 to be poorly graded, while grada-
tions 2, 3, and 4 are well graded (see Table 4). The particle
shape is angular. The X-ray diffraction tests show that the
mineralogy of argillaceous rock is composed of quartz
(48.8%), illite (22%), albite (17.9%), kaolinite (2.7%), chlorite
(5.5%), calcite (1.8%), and hematite (1.2%). The test results
indicate that the SRM is silty soil.

Figure 2 shows the new apparatus. The device is mainly
composed of a water tank, PVC pipe, and acquisition system.
The SRM is compacted in the middle of the water tank. The
foam board is placed between the SRM and the upper cover
to prevent the water flow. Arrangement of pressure sensors,
Ag/AgCl nonpolarized electrodes, and moisture content
meters during compaction. The pressure and potential are
measured by DH3821 and DM3058, respectively. The satura-
tion of SRM material is monitored by moisture content
meters. All experiments are performed at NaCl solution of
0.01mol L-1.

Solid

Water

Air

Figure 1: Three-phase sketch of SRM.

Table 2: Design of experimental scheme.

Grouping scheme Compactness (%) Rock content (%)

A1–A5 75, 80, 85, 90, 95 30

B1–B5 85 10, 30, 50, 70, 90

A1–A5 represent compactness 75, 80, 85, 90, and 95%. B1–B5 represent
rock content 10, 30, 50, 70, and 90%. A3 and B2 are the same conditions.
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After the solution on both sides of the water tank is bal-
anced, the static hydraulic head difference H1 and potential
U1 are measured. The PVC pipe provides hydraulic pressure
to the water tank, and the potential U2 and hydraulic head
difference H2 are measured until the flow state is stable. The
streaming potential coupling coefficient is equal to the slope
of the fitting line between streaming potential U2 –U1 and
hydraulic head difference H2 –H1 (see Figure 3(a)). The per-
meability coefficient is obtained by recording the volume of
the solution per unit time. The effective excess charge density
is determined by Equation (2). The relationship between effec-
tive excess charge density and permeability can be obtained by
fitting the experimental data (see Figure 3(b)). We use a two-
electrode device to measure the conductivity of SRM. The
material properties of SRM are shown in Tables 5 and 6.

4. Results

As shown in Figure 4(a), when the compactness is 75% and
80%, there is a big difference between the predicted values of
the modified KC equation and the measured values. When
the compactness is greater than 80%, the calculated values of
the modified KC equation are close to the measured values.
Figure 4(b) shows that there is a big difference between the
predicted value and the measured value when the rock content
reaches 90%. The predicted value of the modified KC equation
is consistent with the measured value in the range of 70% to
10% rock content.

Figure 3(b) shows that the effective excess charge density
depends on the permeability of the SRM, consistent with

previous studies [47]. We obtain the coefficient A1 = –
13:362 and A2 = –1:1197 in Equation (18), respectively.
Some authors have fitted Equation (18), Jardani et al. [35]
and Revil [38] obtained A1 = –9:23 and A2 = –0:82, and
Bolève et al. [36] suggested A1 = –9:9956 and A2 = –0:9022.
We obtain the coefficients are smaller than the fitting results
of other authors.

The permeability obtained by the modified KC equation is
substituted into Equation (2) to calculate the streaming poten-
tial coupling coefficient. Although there is a great difference
between measured permeability and predicted permeability at
75–80% compactness and 90% rock content, but the predicted
streaming potential coupling coefficient of the new modified
model is consistent with the experimental data at different
compactness (see Figure 5(a)). Similarly, this new modified
model represents the experimental data very well when the
rock content varies between 10% and 90% (see Figure 5(b)).
Moreover, we use Guarracino and Jougnot’s [37] model to
calculate the streaming potential coupling coefficient, and the
results show that this model reproduces the experimental data
very well, but the new modified model is more accurate than
Guarracino and Jougnot’s [37] model in this study.

5. Discussion

5.1. TheModified KC Equation.At compactness 75% and 80%,
the predicted permeability coefficient of the modified KC
equation shows poor consistency with the experimental data.
The reason for this phenomenon is that the low compactness
leads to insufficient bonding of the SRM materials, and the
fine particles are loose. When the hydraulic gradient is large,
the fine particles are easily carried away, and the flow section
becomes larger. Therefore, the measured permeability coeffi-
cient is larger than the predicted permeability coefficient.
When the compactness is more than 80%, the prediction accu-
racy of the modified KC equation is higher due to the slight
impact on the flow state at high compactness.

In the SRM with 90% rock content, the pore size and the
seepage velocity are large, and the fluid is in the state of inertial
laminar flow at high water head, so the measured permeability
coefficient (apparent permeability coefficient) is smaller than
the predicted permeability coefficient [24].When the rock con-
tent is reduced from 70% to 10%, the measured permeability
coefficient is closer to the predicted permeability coefficient.

Table 3: Particle size distribution of different gradations.

Particle size (mm) Gradation 1 (%) Gradation 2 (%) Gradation 3 (%) Gradation 4 (%) Gradation 5 (%)

<0.075 4 3 2 3 1

<0.25 25 12 10 6 2

<0.5 40 21 16 8 3

<1 55 32 25 10 4

<2 70 48 35 15 5

<5 90 70 50 30 10

<10 98 88 66 58 40

<20 100 100 100 100 100

The particle gradation of A1–A5 is 2. The particle gradation of B1–B5 is 1, 2, 3, 4, and 5, respectively. The minimum sieve size is 0.045mm.

Table 4: Gradation characteristics.

Gradation
d60

(mm)
d30

(mm)
d10

(mm)
Nonuniform
coefficientaCu

Curvature
coefficientbCc

1 1.3 0.31 0.11 11.82 0.67

2 3.3 0.9 0.2 16.5 1.23

3 8.1 1.5 0.25 32.4 1.11

4 10.5 5 1 10.5 2.38

5 14 8.5 5 2.8 1.03

The d10, d30, and d60 denote the particle sizes of 10%, 30%, and 60% of the
total mass on the particle size distribution curve, respectively. aCalculated
from Cu = d60/d10 [51].

bCalculated from Cc = d30 · d30/d10 · d60 [51].

5Geofluids



This result can be interpreted by the macropores developed
between the coarse particles are filled by the fine particles and
hence the soil particles are relatively compact and the seepage
velocity in the pores is low.

Compactness and rock content are the key parameters in
quality management of embankment dam construction. In
the project, the compactness is controlled above 90%, and the
reference range of rock content is 25–75% [9]. The modified
KC equation shows high prediction accuracy of permeability
coefficient when the compactness varies between 85% and
95% (30% rock content) and the rock content varies between
10% and 70% (85% compactness). Therefore, the modified
KC equation can be considered valid in most projects. The per-

meability coefficient of sandstone–mudstone mixture with a
particle size ranges from 60mm to 0.075mm is successfully
predicted by the KC equation [53]; it appears that the modified
KC equation will have a wider application range.

At present, the height of some embankment dams has
exceeded 100 meters, and the SRM materials are in complex
occurrence conditions of high stress and high water level. It
is necessary to establish the relationship between permeability
and more parameters, such as effective stress and buried
depth, so as to expand the application scope of the model. This
means that the physical model for predicting permeability of
SRM may become more complex. In recent years, the advan-
tages of artificial intelligence technology in multisource

Acquisition instrument PVC

ExhaustExhaust Sensor

outlet

Filling area Plexiglass plate

Tank

Pump

Bucket

Bucket

Bucket

Electronic scale

(a)

Water content sensor

Ag/AgCl electrode

Pressure sensor

Rubber

Foam

(b)

Figure 2: Sketch of the experimental apparatus. (a) The apparatus consists of a tank, PVC pipe, and data acquisition system. The blue arrow
represents the direction of the water flow. (b) Cross section through the sensor.
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information fusion and prediction have been rapidly devel-
oped, such as predicting the change of coal seam permeability
during CO2 geological sequestration [54] and predicting the
permeability of tight carbonate rocks [55]. This provides a
new idea for usingmultiparameters to predict the permeability
of SRM.

The modified KC equation as a function of compactness,
rock content, particle shape, and grading curve helps us to
understand the seepage mechanism of SRM in dam projects

and provides a scientific basis for the design and selection of
materials for embankment dams.

5.2. The New Modified Model of the Streaming Potential
Coupling Coefficient. The two coefficients are reported by
other authors larger than ours. This is because the effective
excess charge density and permeability are related to the
specific surface area of porous media. The content of coarse
particles in the SRM is high and the particle size is large, so
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Figure 3: The streaming potential coupling coefficient and the effective excess charge density. (a) The streaming potential against hydraulic
head difference at 85% compactness and 30% rock content. The streaming potential coupling coefficient is the slope of the regression line
between streaming potential and hydraulic head difference. (b) The effective excess charge density versus permeability. The effective excess
charge density is calculated by Equation (2).

Table 5: Properties of SRM with different compactness.

Properties A1 A2 A3 A4 A5

Dry density ρd (g cm-3) 1.635 1.744 1.835 1.962 2.071

Effective particle sizeaDeff (mm) 0.513 0.513 0.513 0.513 0.513

Specific surface areabS0 (mm2 mm-3) 16.361 16.361 16.361 16.361 16.361

Porositycn 0.384 0.343 0.302 0.261 0.220

Conductivity σ Sm−1� �
× 10−3 1.42 1.36 1.33 1.25 1.20

aThe Deff is determined from Equation (14). bThe S0 is determined from Equation (13). cThe n is determined from Equation (10).

Table 6: Properties of SRM with different rock content.

Properties B1 B2 B3 B4 B5

Dry density ρd (g cm-3) 1.802 1.853 1.870 1.845 1.870

Effective particle sizeaDeff (mm) 0.387 0.513 0.663 0.961 2.875

Specific surface areabS0 (mm2 mm-3) 21.698 16.361 12.676 8.739 2.922

Porositycn 0.321 0.302 0.297 0.308 0.301

Conductivity σ Sm−1� �
× 10−3 1.35 1.33 1.36 1.45 1.48

aThe Deff is determined from Equation (14). bThe S0 is determined from Equation (13). cThe n is determined from Equation (10).
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the specific surface area is small. This means that the effec-
tive excess charge density dragged by the water flow in the
pores decreases under the same permeability.

When the compactness is 75–80% and the rock content
is 90%, the predicted permeability coefficient is not in good
agreement with the measured value, but the predicted
streaming potential coupling coefficient is close to the mea-
sured value. We ascribe this phenomenon to the relationship

between effective excess charge density and permeability.
When the permeability of SRM increases, and the effective
excess charge density decreases. It appears that this relation-
ship can improve the difference caused by permeability.

The new modified model shows higher accuracy than
Guarracino and Jougnot’s [37] model. This result can be
explained by the empirical relationship between effective
excess charge density and permeability, which is proposed
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Figure 4: The permeability coefficient with different compactness and different rock content. (a) Predicted and measured values of
permeability coefficient with different compactness. (b) Predicted and measured values of permeability coefficient with different rock
content.
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Figure 5: The streaming potential coupling coefficient with different compactness and different rock content. (a) Predicted and measured
values of the streaming potential coupling coefficient with different compactness. (b) Predicted and measured values of the streaming
potential coupling coefficient with different rock content.
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for specific research objects. The model proposed by Guarra-
cino and Jougnot [37] includes the porosity, permeability,
tortuosity, concentration, Debye length, and zeta potential,
but more influences are considered in the empirical relation-
ship, such as complex chemical reactions on the solid-liquid
surface and particle deformation. Nevertheless, Guarracino
and Jougnot’s [37] model still represents the experimental
data very well at the different compactness and different rock
content.

It should be noted that the zeta potential would not
depend on the compactness and rock content of SRM as long
as rock mineralogy and chemical composition of water do not
change. According to the HS equation, the streaming potential
coupling coefficient remains a constant. The change of flow
regime leads to the deviation of streaming potential from the
HS equation [56]. Therefore, the streaming potential coupling
coefficient decrease at low compactness and high rock content.

The relationships between streaming potential coupling
coefficient, compactness, rock content, particle shape, and
grading curve reported in this study are important for
monitoring the structure of embankment dam. At present,
the new modified model is rarely used in embankment
dams, but Guarracino and Jougnot’s [37] model has verified
the reliability of the new modified model, which lays the
foundation for field application. In addition, Bolève et al.
[24] and Soueid Ahmed et al. [57] have successfully imple-
mented the numerical simulation of the response of the
potential when the leakage path structure changes, which
further promotes the application of the new modified model.

6. Conclusion

In this paper, the compactness, rock content, particle shape,
and grading curve of the SRM are substituted into the formu-
lation of the streaming potential coupling coefficient by the
KC equation, and a new modified model of the streaming
potential coupling coefficient depends on structural parame-
ters of SRM is proposed. The modified KC equation and the
new modified model of the streaming potential coupling coef-
ficient are verified by the experiment. The main conclusions
are as follows:

(1) Based on the relationship between the porosity, com-
pactness, and rock content of SRM, we obtain themod-
ified KC equation. The modified KC equation fits well
with the experimental data and shows high prediction
accuracy when the rock content is 30% and compact-
ness ranges from 85% to 95%, and the compactness is
85% and the rock content ranges from 10% to 70%.

(2) By taking the modified KC equation into the streaming
potential coupling coefficient model, the quantitative
relationship between the structural parameters of the
SRM and the streaming potential coupling coefficient
is established. For the rock content remains 30% and
compactness varies from 75% to 95%, and the com-
pactness is 85% and the rock content varies from
10% to 90%, the new modified model is in good agree-
ment with the experimental data.

(3) The modified model of streaming potential coupling
coefficient provides a method for studying the
mesostructure of the SRM by using the streaming
potential effect. It is helpful to reveal and estimate
the structural aging mechanism and service life of
embankment dams.
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In order to deal with solid wastes and protect the fragile ecological environment on the ground, using gangues as the filling
materials in the underground goaf can not only achieve favorable waste disposal but also alleviate surface subsidence and
protect surface buildings and the ecological environment, with great practical significance and application prospects. During
the water seepage process, the evolution rules of inner seepage channels in the bulk filling materials are the theoretical
foundation for the realization of water-preserved mining. In order to gain clear knowledge of the seepage characteristics of the
bulk filling gangues with different sizes, the evolution rules of some seepage parameters mainly including the displacement, the
porosity, and the permeability of gangues and hydraulic pressure were analyzed via COMSOL numerical simulation. The
evolution rules of the seepage characteristics of the bulk filling materials with different sizes were revealed by combining the
present experimental and numerical results. Moreover, the present seepage experiment was proved to be reliable by comparing
with numerical simulation results. This work can provide theoretical foundation for investigating the evolution characteristics
of inner seepage paths in the bulk filling materials and selecting appropriate bulk filling materials under different stress and
seepage environments.

1. Introduction

Coal mining has imposed serious effect on the balance of the
underground water and surface water system in China [1–4].
During coalmining especially themodernmining process, orig-
inal overlying strata are severely damaged under intensemining
in the underground working face, thereby forming a lot of
water-diversion fractures [5–8]. When the water-diversion
fractures are connected with the aquifer, underground water
can flow to the working face along the water-diversion channels
formed by fractures, which can pose serious threat to safety
production in mines, accompanied with the decline in the
underground water level and the pollution of water quality
[9–12]. According to the statistics, approximately 2.5 4m3

underground water is polluted for the mining of 1 ton of coal
[13–15]. Therefore, how to achieve adequate protection ofwater
resources in coal mining is the problem demanding prompt
solution in the coal mining industry.

Mining with filling or backfill mining is an effective
measure for inhibiting the development height of the
mining-induced water-diversion fractured zone and protect-
ing the aquifer. Gaining in-depth knowledge of the seepage
rules of bulk filling materials with different particle sizes in a
complex underground water environment can lay solid theo-
retical foundation for achieving water-preserved mining
[16–19]. Currently, scholars from all over the world have con-
ducted a great deal of research on the seepage rules of bulk fill-
ing materials. By combining laboratory test, theoretical
analysis, and field application, Ma et al. examined non-
Darcy hydraulic characteristics and deformation behaviors of
bulk gangues and concluded that both porosity and
permeability of gangues increased with the increase of the
original GSG and the decrease of the stress rate [20].
Raziperchikolaee et al. focused on the relation between
permeability of the deformed rock joints and seismic source
response, established the fluid flow-geomechanics-seismicity
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model at microscale, and investigated the displace response
and failure mechanisms of microfractures in the sandstone
samples that were developed along the joint during the devel-
opment [21]. Li et al. investigated the effects of the particle size
on compressive deformation and particle damage of the filling
gangues in the goaf and analyzed the compressive deforma-
tion, particle clustering distribution, and gauge bulk shape
change rules of the filling gangues [22]. Minh et al. explored
the effects of the elasticity of pores on the solute transport pro-
cess in viscous unstable aquifers and constructed a coupled
flow, migration, and geomechanics framework for simulating
the diffusion, mixing, and deformation mechanisms of
stress-sensitive aquifers in the fingering process [23]. Zhang
et al. investigated pore pressure evolution rules and energy loss
characteristics during the seepage process of different sizes of
gangues and performed tests on the permeability, mass loss,
and pore pressure of gangues in the seepage process [24];
according to their test results, the mass loss of fractured gang-
ues increased with the disproportionate increase of the large
particle size. Conclusively, despite of substantial laboratory
tests on the permeability of bulk filling materials, scholars
[25–28] mainly focused on basic seepage parameters and fun-
damental physical/mechanical characteristics of bulk filling
materials while neglecting the effects of the particle sizes of
bulk filling materials on the seepage characteristics and the
inner seepage evolution rules.

In this work, the goaf was filled with different sizes of
solid wastes as the bulk filling materials. Under the complex
stope environment, water in upper and lower adjacent arte-
sian aquifers seeps constantly into the goaf through the
water-diversion fractured zone and different geologic struc-
tures; accordingly, bulk filling materials are always in infil-
trative mines. The compact filling body changes under
coupled crustal stress and underground water flow. The bulk
materials are constantly compacted when being subjected to
the crustal stress, and the particles are gradually crushed and
refined, accompanied with constant changes of pores among
particles and the fluid’s seepage channels. Next, as the size
particle of bulk filling materials changes, the confined water
enters into the filling body in the goaf via the water-
diversion fractured zone; as the seepage pressure increases,
pore channels in the filling body change gradually and the
bulk filling materials with different sizes vary in seepage
channels and rules. Investigating the seepage characteristics
of bulk filling materials with different sizes is the key scien-
tific problem in water-preserved mining.

In this study, based on laboratory test and numerical sim-
ulation, the effects of the filling gangues with different particle
size ranges (0~5mm, 5~10mm, 10~15mm and 15~20mm)
on seepage discharge and permeability parameters were inves-
tigated in depth. The evolution rules of displacement, porosity,
permeability of gangues and hydraulic pressure after the filling
were simulated using COMSOL numerical simulation soft-
ware. Finally, the evolution rules of various seepage param-
eters after the filing of different sizes of materials were
revealed by above laboratory and simulation data. Mean-
while, the reliability of the experimental results was vali-
dated by the present numerical simulation data. This
work can provide theoretical foundation for examining the

evolution characteristics of inner seepage paths of the bulk
filling materials and selecting appropriate bulk filling mate-
rials under different stress and seepage environments.

2. Materials and Methods

The filling materials mainly consisting of different sizes of
gangues are essentially a kind of discontinuous media
[29–32], which themselves change in the compaction process.

2.1. Experimental Materials. The bulk filling materials in
this work are mainly composed of different sizes of gang-
ues. The gangues were directly collected from mines and
the specimens with different size ranges were prepared,
as shown in Figure 1.

Before the experiment, large gangues were collected and
crushed. To be specific, large gangues were artificially
crushed to the fragments with a size range of 200~300mm
so that the gangue fragments can smoothly pass through
the inlet of the crusher; next, small gangues passed through
the square hole sieves for step-by-step screening so as to
obtain small gangues with different size ranges (0~5mm,
5~10mm, 10~15mm, and 15~20mm). Figure 1 shows the
gangues with different sizes after crushing.

2.2. Experimental Method and Devices

2.2.1. Axial Loading. As shown in Figure 2, the experimental
loading system was used to offer the axial force for material
compaction. Using theWAW-1000D Electro-Hydraulic Servo
Universal Tester, the loading was applied in a displacement
mode at a rate of 0.5mm/min. The tester can display the mea-
surement process and experiment results in real time. The tes-
ter with a maximum experimental force of 1000kN can
automatically measure the material’s feature points and plot
stress/strain and stress/displacement curves. When investigat-
ing the seepage characteristics of different sizes of gangues
under axial compressive stress, the axial loading force was
set as 4MPa, 6MPa, 8MPa, 10MPa, 16 MPa, and 20MPa.

2.2.2. Seepage System. The seepage characteristics of different
sizes of gangues were investigated at a hydraulic pressure of
2MPa, 3MPa, 4MPa, 5MPa, 6MPa, 7MPa, and 8MPa. In
order to achieve water permeation in bulk filling materials,
constant hydraulic pressure was steadily applied on the bot-
tom of the materials under the stress, thereby generating
pressure difference between the upper atmospheric pressure.
Accordingly, water can freely flow in from one end of the
bulk filling materials and out from the upper end. The pres-
sure at the inlet of the bulk filling materials was controlled
by the hydraulic power unit so as to provide different inlet
pressures for the bulk filling materials.

Figure 3 shows the experimental seepage system, which
mainly consists of the permeameter, the hydraulic-pressure
control system, and the data acquisition instrument. In the
present study, the permeameter was horizontally placed
on the loading platform, whose bottom was in contact
with the loading platform. The cylinder tube was placed
on the bottom and sealed by O-shaped rubber seal rings.
The porous plates were placed on the bottom of the cylinder
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0~5 mm 5~10 mm

10~15 mm 15~20 mm

Figure 1: Pictures of the gangues with different sizes.

Figure 2: Picture of the experimental loading system.
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tube. The cylinder tube was filled with bulk filling specimen
with the piston on the surface. The piston was connected with
the bearing column, the balance structure, and the overflow
barrel. Finally, vertical axial stress can be applied on the bulk
filling materials by the load of the tester via the overflow barrel
cover, the overflow barrel, and the piston.

2.3. Measuring Principle of the Seepage Test. The present
experimental system was used for measuring seepage char-
acteristics of bulk filling materials with the steady method.
In order to simulate the effects of the crustal stresses at dif-
ferent burial depths on the seepage characteristics of bulk
filling materials, the seepage behaviors under different axial

(a) Permeameter (b) Cylinder tube (c) Bottom support

(d) Piston (e) Porous plate (f) Sealing ring

(g) Balance structure (h) Bearing column (i) Overflow barrel

Figure 3: Picture of the experimental seepage system.
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stresses were tested with the axial stress control method.
According to the mining engineering environment, the axial
stress in preliminary design was set in the range of
4~20MPa. The axial stress was uniformly increased and
the displacement under each axial stress (S0) was recorded.
Meanwhile, the residual height can be calculated by the ini-
tial filling height and the thicknesses of the upper and the
lower porous plates, i.e., h =H − S0 − h1 − h2, as the principle
shown in Figure 4.

The hydraulic pressure at 4 levels or above was injected
from the bottom of the bulk materials via the hydraulic
pump. Based on practical engineering background and the
current test condition, the hydraulic pressure was prelimi-
narily designed within 1~7MPa. Next, the value when the
flow reached stability at each level of hydraulic pressure
was read, i.e., the velocity at the steady state, denoted as v,
can be obtained. The corresponding pressure gradient GP
corresponding to each level of hydraulic pressure equals to
the ratio of the difference between the pressure at the outlet
and the hydraulic pressure at the inlet to the height of the
bulk materials, i.e., GP = −P/h. Next, the scatter diagrams
can be plotted given each level of pressure gradient and the
corresponding steady-state seepage velocity and the perme-
ability k and non-Darcy factor β at the axial pressure can
be obtained via fitting formula (1) as follows:

GP = −
μ

k
− ρβv2: ð1Þ

3. Experimental Schemes and Proportions

3.1. Proportion Settings. In order to explore the seepage char-
acteristics of different sizes of gangue filling materials under
different axial loads and confining pressures, the gangue par-

ticle size range was set as 0~5mm, 5~10mm, 10~15mm,
and 15~20mm and the axial load was set as 4MPa, 6MPa,
8MPa, 10MPa, 16MPa, and 20MPa, while the hydraulic
pressure was set as 2MPa, 3MPa, 4MPa, 5MPa, 6MPa,
7MPa, and 8MPa, respectively; the test scheme is shown
in Table 1.

The axial load was set at 4~20MPa so as to simulate the
crustal stress from a shallow-buried coal seam to a deep well
at a depth of several kilometers. Table 2 shows the axial load
and corresponding oil pressure via calculation. The hydrau-
lic pressure was set within a range of 2MPa to 8MPa, which
can almost satisfy the pressure range of underground con-
fined water. The axial load was cyclically applied, i.e., the
axial load at the next level was applied for seepage after the
load of each level of axial load. If no water passed at a
hydraulic pressure of 7MPa (i.e., water flow at a steady state
equaled to 0), the loading stopped. It should be noted that
steady state refers to flow reaching a stable value within a
short time.

3.2. Testing Process. The screened gangues with different
sizes were soaked in water for 24 hours. Next, the gangues
within same particle size range after soaking were put into
the permeameter. The axial loads at 4MPa, 6MPa, 8MPa,
10MPa, 16MPa, and 20MPa were loaded on the WAW-
1000D Electro-Hydraulic Servo Universal Tester. Under
each level of axial load, the hydraulic pressure was
increased step by step and the flow readings under differ-
ent hydraulic pressures were read. Figure 5 illustrates the
detailed testing process.

4. Experimental Results

4.1. Measured Results of Physical Characteristics

H

Bearing column
Overflow barrel

Cylinder tube

Lower porous plate

Piston (Upper
porous plate) S 0

h1

h0

h2

Figure 4: Illustration of the loading process of the permeameter.

Table 1: Test scheme.

Test order Particle size of gangues (mm) Axial load (MPa) Hydraulic pressure (MPa)

i-1 0~5 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-2 5~10 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-3 10~15 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8

i-4 15~20 4, 6, 8, 10, 16, 20 2, 3, 4, 5, 6, 7, 8
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Table 2: Conversion between axial stress and oil pressure.

P (MPa) 1.5 2 4 6 8 10 16 20

S (m2) 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785 0.00785

F (N) 11775 15700 31400 47100 62800 78500 125600 157000

Oil pressure (KN) 11.775 15.7 31.4 47.1 62.8 78.5 125.6 157

Load and assemble the
permeameter

Maintain the load

Check and debug
the system

Open water circulation
until full re-saturation

Apply the axial
pressure

Inject water at the
rated seepage

pressure

Finish water
injection

Finish the test under
varying flow rates

Finish the test under
different loads

Unload, release and stop
the test

Change the seepage
pressure

Change the
axial load

Measure time, axial
displace, water flow rate
and hydraulic pressure

Measure time and axial
displacement

Measure the specimen
height and calculate the

initial porosity

Figure 5: Illustration of the present testing process.

Table 3: Densities of the gangue specimens with different sizes.

Materials Natural density Saturated density Accumulation density (g/cm3)

Gangue specimen 2.08 2.12
0~5 5~10 10~15 15~20
1.475 1.409 1.398 1.395

Table 4: Initial porosities of different sizes of gangues.

Material 0~5mm 5~10mm 10~15mm 15~20mm

Gangue 0.34 0.42 0.43 0.47
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4.1.1. Measurement of Gangue Density. This study selected a
natural gangue, some bulk filling materials under a natural
state, or saturated bulk filling materials after 24-hour soak-
ing for measurement. The mass and the volume were
weighed by the electronic balance and appropriate measur-
ing glass so as to calculate the density. It should be noted
that the experimenters should look at the front of the mea-
suring glass as horizontally as possible so as to obtain accu-
rate readings. Finally, the calculated results were averaged as
the mean density of the bulk filling material. The specific
calculation formula is shown in formula (2) as follows:

ρs =
1
k
〠
n

i=1
ρi =

1
k
〠
n

i=1

mi

Vi
, ð2Þ

where ρs denotes the specimen density, k denotes the
selected number of measurements, ρi denotes the specimen
density in the ith measurement, mi denotes the specimen
mass in the ith measurement, and Vi denotes the specimen
volume in the ith measurement.

As described above, the filling gangues are a kind of
discontinuous media. The accumulation density is a quite
important parameter for determining the consumption of
the filling materials in the goaf. A certain mass of gangue
blocks within a same particle size range was randomly
selected and placed into the circular cylinder tube. The
volume of the crushed gangue blocks can thus be deter-
mined by measuring the loading height and the cylinder
tube size. In combination with the total mass of the gang-

ues, the packing density calculation formula is shown in
formula (3) as follows:

ρb =
mb

Vb
= 4mb

πd2hb
, ð3Þ

where “ρb” denotes the accumulation density of the
gangue specimen, “mb” denotes the total mass of the
gangue specimen in the tube, “Vb” denotes the volume
of the gangue specimen in the tube, “d” denotes the inner
diameter of the tube, and “hb” denotes the height of the
gangue specimen in the tube.

According to above measurement methods and compu-
tational formulas, natural densities, saturated densities, and
accumulation densities of the filing gangues with different
sizes were calculated, as the results shown in Table 3.

4.1.2. Initial Porosity of the Gangue Specimen. Porosity refers
to the ratio of the pore volume between blocks to the accu-
mulation volume when the crushed gangues were packed,
which can directly reflect the compaction degree of the
filling gangues. A higher porosity is indicative of a lower
compaction degree, which is conductive for the water flow;
contrarily, water can more hardly pass through the specimen
with lower porosity. The porosity calculation formula is
shown in formula (4) as follows:

ϕo =
Vb − Ve

Vb
= 1 − Ve

Vb
= 1 − 4mb

πd2hbρs
, ð4Þ

Table 5: Seepage discharges of different sizes of gangues.

Particle size (mm) Axial load (MPa)
Hydraulic pressure (MPa)

0~2 2 3 4 5 6 7 8

0~5

4 6.741 7.638 9.261 12.316 14.427 — — —

6 3.59 5.78 6.93 7.57 8.505 — — —

8 0 0 0 0 0.504 3.39 5.04 6.21

10 0 0 0 0 0 0 0 0

5~10

4 62.43 — — — — — — —

6 — 5.67 8.379 11.214 12.97 14.679 — —

8 — 6.237 7.632 8.26 8.31 — — —

10 — 0 0 0 0.315 1.157 1.796 4.898

16 0 0 0 0 0 0 0 0

10~15

4 62.43 — — — — — — —

6 — 7.501 16.52 26.42 34.43 — — —

8 — 6.237 7.632 8.26 8.31 — — —

10 0 0 0 0 0 0 0 0

15~20

4 62.43 — — — — — — —

6 13.549 62.43 — — — — — —

8 6.77 7.371 7.632 12.66 20.16 24.61 — —

10 0 2.16 3.41 3.59 5.66 — — —

16 0 0 0 0 0 0 0 0

Because of limited range of the flowmeter, the flow rate of large-size gangues exceeded the measuring range, and simultaneously, small-size gangues were
tightly compacted under large axial load, whose flow rates were fixed at 0 at different hydraulic pressures. Therefore, the permeability at that axial load
condition can not be monitored.
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where ϕo denotes the original porosity of the gangue speci-
men and denotes the protolith volume. Table 4 lists the mea-
sured porosities of different sizes of filling gangues.

4.2. Effect of the Particle Size on the Flow Rate and
Permeability Parameters. In order to clarify the effects of
the particle size on the flow rate and permeability parame-
ters, the gangues with different size ranges (0~5mm,
5~10mm, 10~15mm, and 15~20mm) were selected for
seepage experiments under an axial load of 4MPa, 6MPa,
8MPa, 10MPa, and 16MPa, respectively. Table 5 lists the
seepage discharges of different sizes of gangues at a same
axial load but different hydraulic pressures.

As listed in Table 5, when the seepage discharge equaled
to 0, the loading on the bulk filling materials stopped. At a
fixed axial load, the seepage discharges of different sizes of
gangues increased gradually with the increasing hydraulic
pressure. This can be attributed to the discontinuity of bulk
filling materials. As the hydraulic pressure increased, more
water-diversion fractures appeared in the filling materials,

accompanied with a larger number of water-diversion frac-
ture zones throughout the filling materials. Figure 6 shows
the variations of seepage discharge and hydraulic pressure
with the axial load for different sizes of gangues.

It can be observed in Figure 6 that seepage discharge
dropped with the axial load at a decreasing rate. Mean-
while, the flow rate at a fixed axial load showed no change
and approached to 0. This is mainly due to the fact that
the bulk filling materials were gradually compacted under
increasing axial load, accompanied with gradual compac-
tion of water-diversion channels in the filling materials.
When the axial load increased to a certain value, the pores
in the bulk filling materials were gradually compacted and
water cannot be infiltrated into the filling materials; at that
moment, the seepage discharge of the bulk filling materials
equaled to 0. When the particle size of bulk filling mate-
rials increased steadily, the seepage discharge of water
increased with the increasing hydraulic pressure at a fixed
axial load. On account of a low bonding degree, water
channels were generally large in large-size gangues. In
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Figure 6: Relations between the flow rate and hydraulic pressure for the filling gangues with different size ranges.

8 Geofluids



2.0E-04 2.5E-04 3.0E-04 3.5E-04 4.0E-04 4.5E-04 5.0E-04 5.5E-04
–4.0E+07

–3.5E+07

–3.0E+07

–2.5E+07

–2.0E+07

–1.5E+07

–1.0E+07

G
P 

(p
a.m

–1
)

V (m.s–1)

Gp = –6.43979E13⁎x^2-3.89044E10⁎x

R2 = 0.97783

(a)

0.00012 0.00016 0.00020 0.00024 0.00028 0.00032

–40000000

–35000000

–30000000

–25000000

–20000000

–15000000

–10000000

V (m.s)

G
p (

M
Pa

⁎
m

–1
)

R2 = 0.93961

Gp = –3.49978E14⁎v2-1.95585E10⁎v

(b)

Figure 7: Continued.

9Geofluids



the meantime, the inner channels in the bulk filling mate-
rials also changed under changing axial load and the inner
water-diversion fracture channels underwent dynamic
change. This can lay foundation for investigating the seep-
age characteristics of the bulk filling materials with differ-
ent particle sizes.

By fitting the pressure gradient generated under different
hydraulic pressures GP and the seepage velocity V at a fixed
axial load with non-Darcy Law that satisfies the Forchhei-
mer formula, the permeability k and the non-Darcy perme-
ability factor β in the formula can be obtained, as the fitted
curves shown in Figures 7–10.

Figures 5–10 show the fitted curves between the pressure
gradient under different hydraulic pressures GP and the
seepage velocity V for different sizes of gangues at differ-
ent axial loads. Because of the limited measuring range
of the flowmeter in the present experiment, the flow rate
of large-size gangues at a small axial load exceeded the
measuring range, while small-size gangues were compacted
under a large axial load, resulting in 0 flow rate at differ-
ent hydraulic pressures. Therefore, the permeability
parameters cannot be obtained via fitting. Permeability
parameters of gangue with different particle sizes are
shown in Table 6.

In consideration of the restriction in the measuring
range of the flowmeter, some seepage characteristics cannot
be quantitatively analyzed but qualitatively measured.
According to the practical condition in the field, the flow
rate still equaled to 0 at a hydraulic pressure of 5~7MPa,
suggesting excellent water-resisting performance.

It can also be observed in Figures 5–10 that the pressure
gradient and the flow velocity at a low axial load approxi-
mately followed linear relation. Moreover, nonlinearity was
enhanced with the increasing axial load. At the beginning

of axial load, the bulk filling materials were loose with large
seepage discharge. Next, as the axial load increased gradu-
ally, the compaction velocity of pores in the bulk filling
materials was great; accordingly, the change of pressure gra-
dient can be described in a quadratic pattern. For the gang-
ues within a same size range, the permeability dropped
steadily with the increasing axial load. To be specific, the
permeability remained between 10E − 14m2 and 10E − 15
m2 at an axial load of 4~10MPa.

Next, it can be observed from the fitted curves between GP
and V that the non-Darcy permeability factor can be negative
or positive, with constantly increasing the absolute value in the
range of 10E10 ~ 10E12m−1. The non-Darcy factor is more
inclined to be positive for small-size gangues. As the particle
size increased, the non-Darcy factor dropped to be negative.
Since the compaction degree of small-size gangues is high,
the flow increased slowly with the increase of hydraulic pres-
sure gradient. The large-size gangues showed a low compac-
tion degree, in which pores were great and new seepage
channels were easily formed with the increasing hydraulic
pressure, thereby generating large seepage velocity. After the
experiments, the pictures were taken from the bottom of the
filling body, as the pictures shown in Figure 11.

As shown in Figure 11, small-size gangues were more
tightly compacted after loading, accompanied with more
uniform pore distribution. By contrast, large-size gangues
showed poor compaction effect after loading, accompanied
with nonuniform pore distribution. It can also be found in
the unloading process that the gangues in the upper part
were small in size but were great in the lower part. Addition-
ally, the crushing degree of the lower gangues was low. Next,
the permeability should be below 10E − 15 and non-Darcy
factors should be above 10E12 so as to achieve favorable
water-resisting performance.
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Figure 7: Fitted curves between Gp and V of the filling gangues with a particle size of 0~5mm at different axial loads: (a) 4MPa, (b) 6MPa,
and (c) 8MPa.
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5. Discussions

As stated above, the effects of the particle size of gangues on
seepage discharge and permeability parameters under differ-
ent axial loads and hydraulic pressures were examined in
depth. Next, the seepage rules in different sizes of gangues
(0~5mm, 5~10mm, 10~15mm, and 15~20mm) under an
axial load of 6MPa and a hydraulic pressure of 4MPa were
simulated for gaining in-depth knowledge of the effect of the
particle size on seepage behaviors. Meanwhile, the variations
of displacement, porosity, permeability, and flow velocity of
different sizes of gangues and hydraulic pressure in the seep-

age process were simulated. The detailed simulation process
is described below.

According to the present simulation results, under an
axial load of 6MPa and a hydraulic pressure of 4MPa, the
equivalent Young modulus and the Poisson’s ratio of the fill-
ing gangues with a size range of 0~5mm equaled to 0.6GPa
and 15, respectively.

When the axial load and the hydraulic pressure were
fixed at 6MPa and 4MPa, the equivalent Young modulus
and the Poisson’s ratio of the filling gangues with a size
range of 5~10mm in this simulation equaled to 0.5GPa
and 16, respectively. The cloud charts of the changes of
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Figure 8: Fitted curves between Gp and V of the filling gangues with a particle size of 5~10mm at different axial loads: (a) 6MPa and
(b) 8MPa.
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displacement, porosity, permeability, flow velocity, and
hydraulic pressure under the stress and particle size condi-
tions were plotted, as shown in Figure 12.

For the gangues with a size range of 10~15mm, when
the axial load and the hydraulic pressure were fixed at
6MPa and 4MPa, the equivalent Young modulus and
the Poisson’s ratio were 0.7GPa and 26.5, respectively.
Based on COMSOL simulation results, the cloud charts
of the changes of displacement, porosity, permeability,
flow velocity, and hydraulic pressure under the stress and
particle size conditions were plotted, as shown in
Figure 13.

Similarly, the simulation was performed on the gang-
ues with a size range of 15~20mm at an axial load of
6MPa and a hydraulic pressure of 4MPa. According to
the simulation results, the equivalent Young modulus
and the Poisson’s ratio equaled to 0.75GPa and 28,
respectively. Figure 14 reflects the changes of displace-
ment, porosity, permeability, flow velocity, and hydraulic
pressure during the seepage process in the gangues with
a size range of 15~20mm.

2.0E-04 3.0E-04 4.0E-04 5.0E-04 6.0E-04 7.0E-04 8.0E-04 9.0E-04

–4.0E+07

–3.5E+07

–3.0E+07

–2.5E+07

–2.0E+07

–1.5E+07

–1.0E+07

G
P (

pa
.m

–1
)

V (m.s–1)

GP = 1.8261E13⁎x^2–6.05397E10⁎x

R2 = 0.98471

(a)

6.0E-05 8.0E-05 1.0E-04 1.2E-04 1.4E-04 1.6E-04 1.8E-04 2.0E-04 2.2E-04
–4.5E+07

–4.0E+07

–3.5E+07

–3.0E+07

–2.5E+07

–2.0E+07

–1.5E+07

G
P (

pa
.m

–1
)

V (m.s–1)

GP = 3.22707E14⁎x^2–2.78937E11⁎x
R2 = 0.94383

(b)

Figure 10: Fitted curves between Gp and V of the filling gangues with a particle size of 0~5mm at different axial loads: (a) 8MPa and
(b) 10MPa.

Table 6: Permeability parameters of the filling gangues with different sizes.

Particle size (mm) Permeability parameters
Axial load (MPa)

4 6 8 10 16

0~5
Permeability (m2) 2:57E − 14 1:11E − 14 1:82E − 15 — —

Non-Darcy factor (m−1) 6:44E + 10 3:50E + 11 −1:09E + 12 — —

5~10
Permeability (m2) — 1:75E − 14 1:02E − 14 2:30E − 15 —

Non-Darcy factor (m−1) — 6:83E + 10 1:41E + 11 1:46E + 12 —

10~15
Permeability (m2) — 2:10E − 14 1:21E − 14 — —

Non-Darcy factor (m−1) — −1:49E + 10 6:80E + 11 — —

15~20
Permeability (m2) — — 1:65E − 14 3:78E − 15 —

Non-Darcy factor (m−1) — — −1:83E + 10 −2:65E + 11 —

Figure 11: Pictures after the seepage in different sizes of gangues.
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As shown in Figures 14–15, the gangues with a larger
particle size underwent less displacement. The displacement
of the gangues with a particle size range of 5~10mm reached
a maximum of 84.8mm, while the displacements of the
gangues within the other size ranges were 63mm,
75.22mm, and 75.9m, respectively. Under a same axial load,

the porosity of the gangues with larger particle size was
greater. The porosity of the gangues with a particle size
range of 15~20mm was greatest, accompanied with the
greatest permeability. Accordingly, the distribution of
hydraulic pressure in the gangues with a larger size was more
uniform. The simulation results with COMSOL software fit
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Figure 12: Seepage rules in the gangues with a size range of 5~10mm.
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Figure 13: Seepage rules in the gangues with a size range of 10~15mm.

14 Geofluids



0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Surface : displacement field Y component
(m) surface arrow : displacement field

0.2

0.05 m
–64.25×10–3

–0.06

–0.07

–0.08

–0.09

–0.05

–0.04

–0.03

–0.02

–0.01

0
0

m
m

(a) Displacement

Porosity

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.4277

0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.05 m

m

(b) Porosity

Permeability

2.05×10–14

5

10

15

20

25

30

3.45×10–13
m2

×10–14

0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.05 0.1 m

m

(c) Permeability

Surface : velocity field y component
(m/s) surface arrow : velocity field

(spatial coordinate system)

0.0028

0.0028

0.0029

0.003

0.0031

0.0032

0.0033
0.0033
m/s

0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

–0.02

0.05 m

m

(d) Flow velocity

Hydraulic pressure

7.98×104
0.08

0.35

0.61

0.88

1.14

1.41

1.67

1.94

2.21

2.47

2.74

3

3.27

3.54

3.8

3.93×106

×106

Pa

0

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

–0.02

0.16
m

0.05 m

(e) Hydraulic pressure

Figure 14: Seepage rules in the gangues with a size range of 15~20mm.
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Figure 15: Seepage rules in the gangues with a size range of 0~5mm.
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well with the data in seepage experiment, validating the reli-
ability of the present experiment.

Figure 16 compares the experimentally measured poros-
ities, permeabilities, and seepage velocities of different sizes
of gangues with the numerical simulation data.

Apparently, the seepage velocity curves between experi-
mental and the simulation results show higher coincidence
than the other two curves. Moreover, the porosity, the per-
meability, and the seepage velocity of the gangues increased
gradually with the increasing particle size.

6. Conclusions

This study experimentally investigated the fundamental
physical and mechanical properties of gangues and the

effects of the particle size on the seepage discharge and the
permeability parameters in the gangues with different sizes
under different axial loads and hydraulic pressures and
revealed the variations of the flow rate with axial load and
hydraulic pressure in the gangues within a same size range.
Finally, the effects of the particle size on the seepage rules
of gangues were concluded via COMSOL numerical simula-
tion for validating the reliability of the present experiment.
The following conclusions can be drawn.

(1) Firstly, some fundamental physical and mechanical
properties of the bulk fillingmaterials were measured.
The density of the bulk filling gangues under natural
condition was 2.08 g/cm3; after soaking, the saturated
density changed to be 2.12 g/cm3. The accumulation
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densities of the filling gangues with different size
ranges (0~5mm, 5~10mm, 10~15mm, and
15~20mm) were 1.475 g/cm3, 1.409 g/cm3, 1.398 g/
cm3, and 1.395 g/cm3, respectively. Meanwhile, the
initial porosities of the filling gangues with different
size rangeswere 0.34, 0.42, 0.43, and 0.47, respectively.
The above analysis of fundamental physical and
mechanical properties of gangues can provide insight-
ful reference for later investigation of basic physical
and mechanical behaviors during water seepage in
the filling materials

(2) The effects of the particle size of gangues on water
seepage discharges and permeability parameters at
different axial loads and hydraulic pressures were
also investigated in the laboratory. Considering that
the bulk filling gangues are a kind of discontinuous
media, the bulk filling materials were gradually com-
pacted under increasing axial load, accompanied
with the change of inner seepage channels. Mean-
while, as the hydraulic pressure increased steadily,
water-diversion channels in the bulk filling materials
increased, which also increased water seepage
discharge. Under varying axial load and hydraulic
pressure, the seepage trajectories of water in the bulk
filling materials changed, which can provide refer-
ence for investigating the seepage characteristics in
the bulk filling materials with different sizes

(3) Finally, the effects of the particle size on water seep-
age behaviors were simulated with COMSOL
numerical simulation software. The seepage behav-
iors in gangues can be characterized by the displace-
ment, the porosity, and the permeability of gangues
as well as water flow velocity and hydraulic pressure.
For the gangues with a size range of 5~10mm, the
displacement of gangues reached a maximum of
84.8mm; moreover, hydraulic pressure distribution
became more uniform with the increasing particle
size, accompanied with a steady increase of porosity
and permeability of gangue. The numerical simula-
tion results with COMSOL fit well with the present
experimental data, validating the reliability of the
seepage experiment
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Aiming at the problem of the safety mining problems of longwall paste filling working face under buildings on high confined water
in the Daizhuang Coal Mine, the paste filling mining method was used. A series of theoretical analyses, numerical simulations, and
field measurements were applied. The results showed that when the filling interval of the working face increases from 1.2m to
3.6m, no significant change is found in the depth of the perforated plastic zone of the floor strata. According to the types of
water-conducting cracks in the floor strata of the working face 11607, the floor strata are divided into the floor intact area, the
structure developed area, and the floor weak area. Based on that, the measures for preventing and controlling the floor failure
in the paste filling working face are proposed. Furthermore, the failure depth of the floor of the test working face was detected
by the on-site water injection method, and the results showed that the maximum failure depth of the floor of the test working
face was about 3m.

1. Introduction

Researchers in many countries have conducted a lot of theo-
retical research and practical applications on the prevention
and treatment of coal mining under confined water by the
backfill mining method [1–6]. To study and analyze the
destruction depth and law of the underlying coal and rock
during the mining process of the working face, water inrush
from the underlying aquifer was studied by numerical model-
ing. The most dangerous position is in the section where the
working face passes through the fault zone [7–10]. The under-
lying coal and rock layers were regarded as brittle rock masses,
and the underlying water-conducting and nonconducting
fracture surfaces were constructed. The probability of fracture
and water inrush of the underlying coal seam increases with
the increase of coal mining depth. The water inrush from the
floor is directly related to the pressure of the mine [11–16].

Three-dimensional in situ stress was measured on-site,
and according to the Mohr-Coulomb criterion, the results
were obtained through FLAC3D numerical simulation analy-
sis, to study and analyze the failure depth [17–20]. The plastic

failure zone and stress field distribution law of the underlying
coal strata at different coal mining stages are investigated. The
on-site geophysical prospecting and drilling were used to
study the damage depth of the underlying coal and rock dur-
ing the mining process of coal seam faces in North China
[21–23]. By detecting the displacement, deformation, and fail-
ure characteristics and stress field distribution of the underly-
ing coal and rock layers before and after coal mining in the
working face, the depth of deformation and failure of rock
layers are obtained [24–26].

Aiming at the safe mining of the No. 16 coal seam in Daiz-
huang CoalMine under buildings and high confined water con-
ditions, the paste is used to fill the goaf area so that the filling
body and the top and bottom of the goaf form a supporting sys-
tem of the top plate-filling body-bottom plate. This technology
can control the depth of the bottom plate damage and can play
a better role in groundwater resources [27–30]. The protective
effect of the coal mine, especially under the condition of coal
mining under confined water, can significantly improve the safe
production conditions of coal mines [31–34]. Furthermore, this
technology can effectively control the surface subsidence and
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deformation to achieve nonrelocation of coalmining, which can
greatly improve coal resources. Also, the use of mine solid waste
as a filling material can greatly improve the ecological environ-
ment of the mining area.

2. Project Overview

Daizhuang Coal Mine is located in Jining City, Shandong
Province (Figure 1). It belongs to the conditions of coal min-
ing under typical buildings and close-distance high-pressure
water. There are 78 surface villages in the minefield. The
mine is divided into the upper group of coal at the -410m
level and the lower group of coal at the -580m level. The
-410m level mainly mines 3 upper and 3 lower coal seams,
and the -580m level mainly mines 16 and 17 coal seams.

According to the geological and hydrological drilling of
the mine (Figure 2), it is proved that the distance between
the No. 16 coal seam and the floor is 21.6m on average, and
the average distance from the Ordovician ash of the floor is
61.1m. The positional relationship between the coal seam
and the aquifer is shown in Figure 2. The maximum water
inrush coefficient of the Ordovician ash aquifer in the No. 16
coal seam floor is about 0.12MPa/m. The floor elevation of
the working face is between -443.5m and -516.9m, and the
average elevation is -501.3m. The buried depth of the working
face is between 480.6 and 558.3m, with an average buried
depth of 541.6m. The thickness of the No. 16 coal seam in
the working face is between 1.65m and 2.35m.

3. Analysis of Floor Failure Mechanism in Paste
Filling Mining

3.1. Theoretical Analysis of Equivalent Roadway. When the
working face is not filled with mining, as the working face con-
tinues to advance, the roof will undergo initial breakage and
periodic breakage, and the pressure of the mine will appear
stronger and obvious. When using filling mining, because
the goaf behind the working face is continuously filled with
paste, the timely support effect on the roof and floor can be
used to look at the equivalent roadway that is continuously
advancing, as shown in Figure 3. Therefore, the destruction
depth of the underlying coal strata in backfill mining can be
theoretically calculated using the equivalent roadway theory.
For the exploration of the equivalent of the paste-filled work-
ing face into a moving roadway (or short-wall working face),
the key question is how to determine the space effect and time
effect of the equivalent moving roadway.

3.2. Spatial Effect on Equivalent Roadway Width. The width
of the equivalent roadway is not the working face control
roof distance, but it should be the distance from the coal wall
to the filling body at a certain position behind the working
face. The filling body at this position should meet certain
requirements in terms of strength. With the difference in
the paste filling process, the width of the equivalent roadway
will also change. Parameters such as the solidification speed
of the filling body, the daily footage of the working face, the
filling step, and the roof control distance all affect the equiv-
alent roadway.

(1) Before the coal mining machine cuts the coal after the
open cut in the working face, the impact of mining on
the working face is only the open cut, and the previous
analysis has analyzed the open cut as an equivalent
moving roadway, and the width of the roadway is
the open cut. The width of the cut eye is L cut

(2) When the coal cutting footage of the working face is
1 filling step, it is widened compared to the equiva-
lent moving roadway. Before the filling body solid-
ifies and condenses, the width of the equivalent
roadway is L branch + L step (where L step is a filling
step, and L branch is the length of the top beam of
the support), as shown in Figure 4(a)

(3) As the working face continues to cut coal forward
when the coal cutting footage of the working face
reaches 2 filling steps, it continues to expand and
widen relative to the equivalent moving roadway.
The age of the first filling zone in this period is 1d;
then, the width of the equivalent roadway at this time
is ðLbranch + LstepÞ ~ ðLbranch + 2 LstepÞ. According to
the practice of field engineering application, to ensure
the safety of the calculation of the destruction depth
value of the underlying coal strata, the width of the
equivalent roadway is the largest ðLbranch + 2 LstepÞ, as
shown in Figure 4(b)

(4) After the goaf is filled with paste material, as the filling
body condenses and solidifies, its strength continues
to increase, supporting the roof and floor of the goaf.
When the strength of the filling body is sufficient to
transmit the overlying rock layer’s self-weight load,
the filling body at this position is regarded as a bunch
of equivalents. At this time, the width of the equivalent
roadway is Lbranches + nLsteps (the number of days for
the filling body to reach the hydraulic pressure resis-
tance is n), as shown in Figure 4(c)

(5) The distance between the coal wall and the filling
zone of the working face after mining is the width
of the final equivalent roadway. At this time, the
maximum equivalent roadway width of the paste fill-
ing working face is Lcut + nLsteps. The minimum
width is the open-cut eye width Lcut. The equivalent
roadway width of the paste-filled working face in dif-
ferent states is different. The width of the equivalent
roadway is Lbranch + n × Lsteps, and the floor damage
depth is the largest at this time

3.3. Time Effect on Equivalent Roadway Action. According to
the observation results of general roadway deformation, it takes
30-40 days for a stable deformation. After the goaf is filled, the
strength of the filling body gradually increases. The filling body
prevents the top plate from continuing to sink and transmits
the top plate load to the bottom plate. The time is taken by
the floor from “excavation-support, support-exposed, filled
area-backfill support”which is the time equivalent to the action
of the mine pressure on the roadway. The calculation formula
is as follows:
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T =
Lbranch + tLstep

v
, ð1Þ

where L branch is the length of the support, m; T is the equiv-
alent roadway action time, d; v is the advancing speed of the
working face, m/d; and t is the time for the filling body to reach
the water pressure resistance strength, d.

3.4. Bottom Failure Depth Analysis. Based on the equivalent
roadway theory [35–38], the shape of the plastic failure zone
of the working face floor with paste filling is shown in
Figure 5. When the working face floor is damaged and the
plastic failure range occurs, the plastic failure range of the
working face floor is divided into the active limit range (such
as area I in Figure 5), transition range (area II in Figure 5),
and passive limit range (area III in Figure 5); the calculation
formula of the floor failure depth can be derived from the
theory of plastic slip line field:

hpo =
la cos ϕ

2 cos π/4 + ϕ/2ð Þ exp π

4 + ϕ
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In the formula, hpo is the depth of coal and rock failure
under the paste filling face, m; la is the width of the plastic
zone on the two sides of the roadway, m; and φ is the inter-
nal friction angle of the coal seam floor.

4. Numerical Simulation Analysis of
Floor Failure

4.1. Model Construction and Program Design. The simulation
uses FLAC numerical simulation software. Combining the
comprehensive histogram of the 11607 working face on the
Daizhuang Coal Mine site and the actual conditions of the
four geological boreholes L10-2, L10-4, 11607-2, and 15-2 in
the underlying coal seam, the numerical simulation is based
on the lower part of the 11607 working face. The height and
width of the constructedmodel are 114.6m and 200m, respec-
tively. The cutting height of the 11607 working face is 2m. The
distance between the No. 16 coal seam and the uppermost
boundary of the model is 39.6m, and the distance from the
bottom boundary of the model is 75m. The upper bound of
gray is 61.1m away, and the distance from the upper thir-
teenth upper bound of the lower part is 21.6m. The numerical
simulation model is shown in Figure 6. In the design model,
the inclined length of the 11607 paste filling working face is
120m, and an open cut is arranged at the left end of the model
50m, and the mining advances from the left end of the model

to the right. The width between the left and right boundaries
of the design model is 200m. The rock mass parameters are
given in Table 1.

This simulation is mainly aimed at the research and anal-
ysis of the relationship between the different filling process
parameters of the paste filling working face and the floor
failure depth under the conditions of different filling body
strength, filling step, and filling rate at 11607 paste filling
working face. First, the coal mining operation is carried out,
the goaf is followed by the filling operation, and finally, the
working face is overhauled. At the same time, the paste filling
body is solidified, and the goaf is filled. The step distance is
consistent with the daily footage of the working face, and the
numerical simulation plan is designed according to the site
conditions: (1) the simulation setting 11607 working face goaf
is 98% filling rate, filling step 2.4m/d, and simulation. The 28d
strength of the filling body is 3MPa, 4MPa, 5MPa, and
7MPa; (2) the strength (28d strength) of the paste filling body
in the goaf area of 11607 working faces is set to 5MPa, and the
filling rate is 98%. Then, the filling step distance distribution of
the simulated paste filling body is 1.2m, 2.4m, and 3.6m.

4.2. Analysis of the Results of Numerical Simulations. Accord-
ing to the simulation results of numerical simulation plan 1
and plan 2, under the conditions of different filling strength
parameters, the simulation results of the failure depth of the

I

II

III

II

I

k𝛾hla

Figure 5: Calculation model of equivalent roadway floor failure depth.

Figure 6: Numerical simulation models and boundary conditions.
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floor of the paste filling working face, the deformation of the
rock formation, and the distribution of the plastic zone are
shown in Figures 7 and 8 (A section is taken at the middle of
the advancing direction of the 11607 working face).

It can be seen from the analysis in Figure 7 that when the
28d strength of the filling paste on the 11607 working face

increases from 3MPa to 7MPa, the peak subsidence of the
overlying coal strata on the working face also shows a down-
ward trend, and the peak subsidence drops from 250mm to
200mm. The bottom heave of the working face has no obvious
deformation. When the 28d strength of the filling paste on the
11607 working face increased from 3MPa to 7MPa, no

Table 1: The rock mass properties.

No. Lithology
Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Friction angle
(°)

Tensile strength
(MPa)

1 Grit stone 2450 31.37 23.51 8.61 44 9.12

2
Fine stone 11
sandstone

2600 19.71 14.62 6.52 37 6.94

3 Medium stone 2550 31.35 20.51 6.80 42 7.61

4 Siltstone 2650 16.35 12.24 4.69 31 2.36

6 Coal 1450 0.78 0.45 2.21 22 0.41

7 Mudstone 2250 7.11 3.98 3.45 35 0.89

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(a)

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(b)

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(c)

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(d)

Figure 7: Numerical simulation of the plastic zone of 28 d strength of the different paste: (a) 3MPa, (b) 4MPa, (c) 5MPa, and (d) 7MPa.
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significant change was found in the depth of the penetrated
plastic zone of the coal and rock layer beneath the working face,
and only its range slightly decreased.

It can be seen from Figure 8 that when the filling step of
the 11607 working face increases from 1.2m to 3.6m, the
peak subsidence of the overlying coal strata on the working
face also shows an upward trend, and the peak subsidence rises
from 180mm to 250mm. Obvious deformation of the bottom
drum of the working face occurs, and the peak value of the
bottom drum rises from 180mm to 200mm. When the filling
step of the 11607 working face was increased from 1.2m to
3.6m, no significant change was found in the depth of the pen-
etrated plastic zone of the coal and rock layer beneath the
working face. When the filling steps are 1.2m, 2.4m, and
3.6m, the depth of the plastic zone penetrated by the coal
strata beneath the working face is approximately 3.6m, and
the coal strata beneath the working face penetrate to the bot-
tom mudstone and fine-grained sandstone. Floor. The plastic
zone of the coal and rock layer beneath the working face pre-
sents a process from layered failure to final penetration. When
the filling step is 2.4m, the plastic zone in the lower coal layer
of the working face extends to the siltstone layer at a distance
of about 6.3m; when the filling step is 3.6m, the depth of the

plastic zone in the lower coal layer of the working face is still at
the lower distance The siltstone layer is about 6.3m away, but
the extent of the plastic zone tends to further increase.

Based on the above analysis, it can be concluded that
after the open-cut hole is excavated in the paste filling face,
as the face continues to advance coal mining, paste fill the
mined area in the goaf behind the face, and the roof of the
mined area is no longer. The initial collapse and periodic
collapse occur, which is equivalent to the continuous
advancement of the open cut in the coal mining process,
and the open cut is a special roadway, so the paste filling face
is equivalent to the mine pressure generated by the special
roadway that is continuously advancing which has a low
degree of disturbance to the stress field of the surrounding
rock of the roof and floor. The appearance of the mine pres-
sure is very similar to that of the excavation roadway. The
difference lies in the maximum vertical stress and plasticity
of the filling body in the goaf. The area is smaller than that
near the coal wall, and the maximum vertical displacement
near the backfill is larger than that near the coal wall. Based
on the analysis of the numerical simulation results and the
previous theoretical calculations, combined with the actual
on-site mining of the 11607 paste filling face of Daizhuang

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(a)

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(b)

None
Shear-n shear-p
Shear-n shear-p tension-p
Shear-n tension-n shear-p tension-p
Shear-p
Shear-p tension-p
Tension-n tension-p
Tension-p

(c)

Figure 8: The plastic zone is numerically simulated with different filling steps: (a) 1.2m, (b) 2.4m, and (c) 3.6m.
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Coal Mine, and referring to mining practical experience, it is
theoretically estimated that the 11607 working face adopts
the paste filling technology and then the underlying coal.
The depth of rock failure is between 4.6m and 8.4m.

5. Field Engineering Application

5.1. Parameter Design. According to the geological report and
on-site investigation of the 11607 working face of Daizhuang
Coal Mine in the early stage, and according to the types of
water-conducting cracks in the underlying coal and rock
layers of the working face, the underlying coal and rock layers
of the 11607 working face are roughly classified into the
following three categories: (1) complete floor area, (2) tectonic
development zone, and (3) weak floor zone. The technical
measures and safety guarantee methods for the prevention
and control of water inrush from the floor are proposed for
different areas such as the complete block of the floor, abnor-

mal hydrological detection or high pressure, and weak floor or
structurally developed blocks:

(1) Only paste is used to fill the goaf in the complete area
of the 11607 working face floor, and the floor is not treated.
The design mass concentration of the paste material to fill
the goaf is 78%, and the amount of coal gangue, fly ash, and
cement is, respectively, 1600kg/m3, 400 kg/m3, and 60kg/m3.
(2) Weak floor area, combined with simulation and on-site
paste filling working face mine pressure influence range,
initially determines the weak area to be 50m outward for floor
grouting transformation. (3) The fault-affected area, com-
bined with the simulation and the on-site paste-filling working
face’s underground pressure influence range, it is preliminarily
determined that the F11605-2, F11605-3, and DF16 faults will
be reinforced and plugged by floor grouting within 50m
outwards. For small faults exposed in the working face, it is
necessary to consider the actual situation of on-site drilling
and comprehensive analysis to consider whether to carry out
floor grouting reinforcement and plugging reconstruction.
(4) High water pressure areas and detection of hydrological
abnormal areas, 11607 working face adopts paste filling. After
the mined-out area technology, the impact range of the mine
pressure around the stope is less than 50m, so the preliminary
design is carried out on the proven high water pressure area of
the underlying coal and rock layer (water pressure greater than
4.4MPa) and the area where hydrological anomalies have
been detected at the working face. For dredging treatment,
the dredging range is within 100m from the left to the right
and the front and back of the working face.

5.2. Field Application Effect Analysis. Through on-site inves-
tigation of the mining practice of Daizhuang Coal Mine
11607 working face, water injection tests were carried out
in the track lane of 11607 working face to observe the
destruction depth of the underlying coal and rock layers. It
is selected to be carried out at a position 150m away from
the stop line of 11607 working face, and two detection points
numbered 1# and 2# are arranged. The distance between the
two detection points is about 15m, and both detection points
1# and 2# are arranged 4 water injection test boreholes for
observing the destruction depth of the underlying coal and
rock layers, and the distance between the water injection test
boreholes is 2m. The elevation and depression angles of the
water injection boreholes arranged in the 1# detection point
and the No. 16 coal seam are both 60°, and the destruction
depths of the underlying coal strata are observed to be 2m,
3m, 5m, and 7m in sequence. The water injection boreholes
arranged in the 2# detection point are perpendicular to the
No. 16 coal seam, and the destruction depth of the underlying
coal strata is observed to be 2m, 3m, 5m, and 7m in order.
The detection results are as follows:

The water injection volume change curve of each borehole
at 1# detection point is shown in Figure 9. Through analysis, it
can be seen that the water injection volume of the 1-2# bore-
hole with a depth of 3m and the 1-3# borehole with a depth
of 5m has relatively large changes. The fluctuation changes
are more obvious, while the 1-1# drill hole with a depth of
2m and the drill hole 1-4# with a depth of 7m injected lower
water volume, and the fluctuation change is not obvious,
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indicating that the depth of the underlying coal strata at the
working face is 3~ coal, and rock mass cracks within 5m are
more developed, and the depth is greater than that of the coal
and rock mass underneath the working face. The degree of
development of the cracks is relatively low. Based on the above
analysis, the depth of the floor is less than 3~5m after adopt-
ing the paste filling technology in the 11607 working face.

The water injection volume change curve of each bore-
hole at the 2# detection point is shown in Figure 10. The
analysis shows that the water injection volume of the four
boreholes 2-1#, 2-2#, 2-3#, and 2-4# is relative to that of
1#. The boreholes at the detection points are relatively small,
and the water injected into the 2-2# borehole with a depth of
2m and the 2-4# borehole with a depth of 8m is 0 L/min,
indicating that the depth of the underlying coal strata at
the working face is 2m. The cracks in the coal and rock
masses are relatively developed, and the depth is greater than
that of the coal and rock masses under the working face. The
degree of development of the cracks in the coal and rock
masses underneath the working face is relatively low. The
destruction depth is about 2m.

6. Conclusion

(1) Based on the equivalent roadway theory, when the
advancing speed of the working face is 1.2~3.6m/d
and the water pressure resistance of the filling body
does not exceed 2 d, the failure depth of the floor of
the paste filling working face is 4.6~8.4m

(2) According to the geological report and field survey of
the 11607 working face, the floor coal and rock layers
of the 11607 working face are divided into three
regions. According to the different zones of the floor,
technical measures and safety guarantee methods for
the prevention and control of water inrush from the
floor are proposed

(3) Detect by using the water injection test method on-
site, it is concluded that the maximum damage depth
of the bottom plate is about 3m
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When a working face is crossing the abandoned roadways, problems such as roof subsidence, rock fracture, and instability will
occur, resulting in widespread roof fall and rib spalling, which seriously affect safe and efficient mining on the working face. In
this paper, the no. 23 coal pillar working face of Juji coal mine is taken as the engineering background, a mechanical model of
crossing the abandoned roadways is constructed aimed at the problem of the working face crossing the abandoned roadway
group, the collapse of the abandoned roadway roof is analyzed, a scheme of crossing the abandoned roadways is designed, and
the development law of the stress and plastic zone after the reinforcement scheme is stimulated and analyzed. The results show
that when the working face advances to the abandoned roadway, key block B crosses the abandoned roadway and the solid
coal to form a “cross-roadway long key block.” It is calculated that the minimum support resistance required for the
abandoned roadway is 6700 kN. Based on the results of numerical comparison, it is concluded that filling wood pile when the
working face passes through the roof abandoned roadway and adding anchor cables for reinforcement support when the
working face crosses the coal seam abandoned roadway effectively reduce the stress concentration of surrounding rocks,
decrease the development of the plastic zone, and achieve safe and efficient mining when the working face crosses the
abandoned roadways.

1. Introduction

In the process of coal mine production, in order to save coal
resources and ensure smooth replacement of the working
face, the reserved coal pillar is often recovered and mined.
In the coal pillar mining, the coal pillar working face often
passes through abandoned roadways, which are usually
abandoned roadways that exist before the working face min-
ing and lose their functions. As the mining of the coal pillar
working face is subject to the goaf and the abandoned road-
way, the movement law of the overburden strata on the
working face is different from that of conventional coal min-
ing [1–3]. The main problems faced in coal pillar mining
include the following: (1) the occurrence conditions of the
coal seam are complex, both sides of the coal pillar working
face are goafs, and abandoned roadways can exist in the coal

seams. (2) Rock burst appears violent. The existence of aban-
doned roadways leads to roof fracture in the working face, to
form a “cross-roadway long key block.” Therefore, the pres-
sure strengthens. Affected by the abandoned roadways and
the goafs, the surrounding rock stress on the working face
is redistributed, and the periodic pressure is irregular. (3)
The hydraulic support bears uneven stress and needs to bear
the impact load caused by roof fracture.

A large number of studies have been made by scholars
domestically and internationally on the safety guarantee
technology of the working face passing through abandoned
roadways. Bai and Hou [4] established a mechanical model
of the working face through abandoned roadways and
adopted the new technology of high water material filling
to ensure the stability of the surrounding rocks of aban-
doned roadways. Feng et al. [5] developed the technology
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of ultrahigh water material filling, which fills the abandoned
roadways with high water materials and achieves the
strength required in practical projects with different ratios.
Zhou and Huang [6, 7] studied the instability mechanism
of abandoned roadways and the law of the main roof frac-
ture when the working face passes through the abandoned
roadway group and put forward the scheme of the fully
mechanized mining face quickly crossing the large-section
abandoned roadway group, which can avoid roof fall acci-
dents. Liu et al. [8] analyzed the failure mechanism of sur-
rounding rocks on the fully mechanized mining face by
multiple means and determined the support mode of filling
the wood stack connection with coal powder and cement,
which effectively ensures normal advancement of the fully
mechanized mining face. Xu et al. [9] established a mechan-
ical model of the main roof of an abandoned roadway,
revealed the stability mechanism of the abandoned roadway
roof, and determined the minimum support resistance to
maintain the stability of the abandoned roadway roof. Yin
et al. [10] applied catastrophe theory to analyze the instabil-
ity mechanism of the coal pillar between the working face
and the front abandoned roadway from the perspective of
potential energy accumulation and applied the theory of
elastic thin plate to study the stress state and fracture posi-
tion of the main roof after the coal pillar loses stability. Zor-
kov et al. [11] studied the classification of the working face
entering the predriven coal mining face (PDRR), simulated
the process of the working face passing through abandoned
roadways under the condition of a thick hard roof, and eval-
uated the load of the working face support. Tadolini et al.
[12] applied the technology of fiber-reinforced shotcrete to
roadway support, which helps alleviate the deformation
and failure of the roadway caused by cyclic load. Esterhuizen
et al. [13] monitored the rock mass displacement, rock sup-
port, and stress changes behind the working face and verified
the numerical modeling program developed for evaluating
the entry into the support system, based on the correspond-
ing data of rock bolt in calibration modeling.

Based on the studies above, different support technolo-
gies for crossing abandoned roadways should be adopted
in different mine geological environments and mining con-
ditions. At present, the support technologies for crossing
abandoned roadways mainly include [14–16] pseudoslope
adjustment of the working face, strengthening roof manage-
ment, concrete grouting, roof fall prevention by isobaric
mining, and high water material filling. However, there are
few relevant studies on the coal pillar working face crossing
abandoned roadways in a deep well and a lack of similar
experience of crossing abandoned roadways. Therefore, the
abandoned roadway crossing mode should be reasonably
selected in combination with the actual geological mining
conditions in the technical study of the working face cross-
ing abandoned roadways. In this paper, the no. 23 coal pillar
working face in Juji coal mine is taken as the research back-
ground, with the methods of theoretical analysis, numerical
simulation, and field measurement, the deformation control
characteristics of surrounding rocks in the mining in the
coal pillar working face in a deep well is studied, and the
support scheme for crossing abandoned roadways and the

reinforcement support of the weak roof are designed, which
ensures that the stope face crosses abandoned roadways
smoothly.

2. Engineering Background

The no. 23 coal pillar working face of Juji coal mine is
located at a level of -850m, the ground elevation is
+31.3m to +32.5m, the working face is 250m wide, and
the advancing length is about 270m. The working face is
located at the lower part of the north wing of the no. 23 min-
ing area, with no. 2312, no. 2314, and no. 2316 goafs in the
north, the protective coal pillar at the lower section of the
no. 23 headentry in the south, the no. 23 middle water bun-
ker and winch room in the west, and the no. 23 lower water
bunker in the east. In the working face, there are many aban-
doned roadways, of which three are typical, namely, the
track roadway, the headentry, and the return airway. The
layout of the working face is shown in Figure 1.

The coal seam mined in the working face is the no. 2 coal
seam, with a thickness of 2.0-4.1m, an average thickness of
2.9m, an inclination of 10-20°, and an average angle of 15°.
Thus, it is a stable coal seam. The geological histogram of
the no. 23 coal pillar working face is shown in Figure 2.

There will be some problems when the working face is
passing through the abandoned roadways: sharp increase
in the stress of the abandoned roadways, serious deforma-
tion of the surrounding rocks, roof sinking, and rib spalling.
Therefore, the borehole peering instrument was used to
detect the development of roadway fractures near the aban-
doned roadways, so as to analyze the impact of the aban-
doned roadway group on the gateway. The peering image
of the vertical roof borehole near the abandoned roadway
side is shown in Figure 3.

As observed, the fracture development at 0.8m of the
rock mass in the borehole is relatively obvious, the fracture
area is large, and the fracture extends internally. The circum-
ferential fracture development at 1.7-3.0m is obvious. With
the increase in depth, the degree of fracture decreases. When
the depth exceeds 6.5m, the internal structure is clear and
complete, and almost no fracture development appears.
From the peering result, near the abandoned roadway, the
roof fracture can develop to 5.7m, and some areas can run
through the direct roof. Therefore, a mechanical model
should be established to analyze the roof support conditions
and structural change characteristics when the working face
passes through abandoned roadways.

3. Analysis of Mechanical Characteristics When
the Working Face Crosses the
Abandoned Roadway

3.1. Establishment of the Mechanical Model of the Working
Face Crossing the Abandoned Roadway. When the working
face advances towards the abandoned roadway, the initial
advancing working face is far from the abandoned roadway,
the coal pillar stress is distributed along a saddle curve, and
the stress is at a stable level. The breaking process is shown
in Figure 4.
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Figure 2: Geological histogram.
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Figure 1: Layout of the no. 23 coal pillar working face.
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When advancement continues and affected by the aban-
doned roadway, the main roof breaks into key blocks, the
coal pillar stress is distributed in double-saddle shape, and
the bearing capacity of the coal pillar gradually decreases.
The further breaking process is shown in Figure 5.

When the working face advances close to the abandoned
roadway, the coal pillar before the abandoned roadway is
broken and loses its stability and bearing capacity. The roof
is broken into a masonry beam structure. The key block
rotates in advance, and the stress of solid coal is redistribu-
ted. Key block B crosses the roadway and solid coal to form
a “cross-roadway long key block” [17–21]. The block is bro-
ken in front of the abandoned roadway. The model diagram
of crossing the abandoned roadway is shown in Figure 6.

The stress analysis of key blocks B and C when the work-
ing face passes through the abandoned roadway is shown in
Figure 7.

Crushing area at 0.8 m

(a) 0.8 m

Broken area at 1.7 m of rock mass

(b) 1.7 m

Circumferential fractures are developed at 2.6 m

(c) 2.6 m

�e crack development decreases at 4.6 m

(d) 4.6 m

Micro fractures are developed at 5.7 m

(e) 5.7 m

�e structure at 6.5 m is clear and complete

(f) 6.5 m

Figure 3: Peering image of the vertical roof borehole near the abandoned roadway side.

B
C

Immediate roof

Coal seam

Coal Coal Goaf

Main roof A

Q2

Q1

Abandoned
roadway

Working
face

Figure 4: Schematic diagram of crossing the abandoned roadway
during initial mining.
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After analyzing the stress state of key blocks B and C, the
balance equation is obtained:

2R1 x1 + x2 + x3ð Þ
3 + T h − Δ − að Þ − P1L cos θ1ð Þ/2 = 0, ð1Þ

P1 = R1 +QA: ð2Þ

The simultaneous equation of (1) and (2) is

T =
P1L cos θ1
2 h − Δ − að Þ −

2R x1 + x2 + x3ð Þ
3 h − Δ − að Þ : ð3Þ

To prevent the key block of the main roof from sliding
and losing stability at point A′, the following conditions
shall be met:

T tan φ ≥QA′ : ð4Þ

By introducing formula (4) into (1)–(3), we can get

R1 ≥ P1
3L cos θ1 tan φ − 6 h − Δ − að Þ

4 tan φ x1 + x2 + x3ð Þ − 6 h − Δ − að Þ
� �

,

P1 = bL q + hγ2ð Þ,

θ1 =
arcsin M − KP − 1ð Þ∑h½ �

L
,

a =
h − Δ

2
:

8>>>>>>>>>><
>>>>>>>>>>:

ð5Þ

In the formula, T is the horizontal force on the key block
(kN), a is the length of the contact surface pressed between
key blocks B and C (m), R1 and R2 are the supporting forces
of the immediate roof and the gangue on key blocks B and C
(kN), QA and QB are the shear forces on the key blocks (kN),
P1 and P2 are the self-weight and load borne of key blocks B
and C (MPa), L and l are the lengths of key blocks B and C
(m), θ1 and θ2 are the rotation angles of key blocks B and C
(°), h is the thickness of key block B (m), γ2 is the unit weight
of the immediate roof (kN/m3), Δ and q are the rotation
sinking value (m) and load borne of key block B (MPa),
KP is the rock dilatancy coefficient, b is the width of the
hydraulic support (m), and Σh is the thickness of the imme-
diate roof (m).

Based on the above parameters, F1, the critical support
resistance of the abandoned roadway roof, is calculated:

F1x1
2

+ F2 x1 + x2 +
x3
3

� �
−
2 Q + R1ð Þ x1 + x2 + x3ð Þ

3
= 0,

ð6Þ

F1 + F2 =Q + R1, ð7Þ

F1 =
2x1 + 2x2 − 2x3
3x1 + 6x2 + 2x3

Q + R1ð Þ: ð8Þ

The simultaneous equations (5)–(8) are obtained to sub-
stitute the relevant parameters of Juji coal mine: the main

B C

Immediate roof

Coal seam

Coal Coal Goaf

Main roof A

Abandoned
roadway

Working
 face

Q2

Q1

Figure 5: Schematic diagram of crossing the abandoned roadway during medium-term mining.
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Figure 6: Schematic diagram of roadway crossing close to the
abandoned roadway.
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roof thickness of the no. 23 coal pillar working face h =
11:0m, the immediate roof thickness Σh = 5:92m, the inter-
nal friction angle in the rock stratum φ = 34°, the unit weight
of the rock stratum γ2 = 26 kN/m3, the coal thickness M =
2:9m, the unit weight of coal seam γ1 = 14 kN/m3, and the
roof control distance x3 = 3:51m. It is calculated that the
minimum support resistance required for the abandoned
roadway is F1 = 6700 kN.

However, the geological conditions of the no. 23 coal pil-
lar working face are complex. There are many abandoned
roadways located in the roof and coal seams, and around
the coal pillar are goafs. Further analysis should be made
on the distributions of the surrounding rock stress and plas-
tic zone of the abandoned roadways in the mining process,
to ensure that the working face passes through the aban-
doned roadways safely.

3.2. Characteristics of Mining When the Working Face
Crosses the Abandoned Roadways. The FLAC3D software
was applied to simulate and study the working face crossing
the abandoned roadways, thus simulating and analyzing the
maximum vertical stress and the development law of the
plastic zone when the working face crosses the abandoned
roadways. The Mohr-Coulomb failure criterion was adopted
for the model. The x-axis represents the advancing direction
of the working face. The x-axis is taken as 400m, the y-axis
is taken as 300m, the z-axis is taken as 60m, and the ground
stress is taken as 20MPa. The physical mechanical parame-
ters of coal rock in the established model are shown in
Table 1.

The model limits the lateral and bottom displacements,
applies corresponding stress compensation on the upper
boundary, and scales to a certain extent. The designed work-
ing face extends a length of 200m and a width of 110m.

Goafs were arranged on both sides of the working face. In
the middle part of the working face, three abandoned road-
ways were arranged, namely, the track roadway, the headen-
try, and the return airway. The roadway widths were 4m, the
heights were 3m, and the adjacent spacings were 20m. The
track roadway and the return airway were located at 5m
above the coal seam, and the headentry was located in the
coal seam. The stress and the development law of the plastic
zone when the stimulation working face passes through the
three abandoned roadways are shown in the model in
Figure 8.

The variation law of vertical stress distribution when the
working face passes through the track roadway, the return
airway, and the headentry is shown in Figure 9.

According to the results in Figure 9:

(1) In the mining process from 50m to 100m in the
working face, the peak stresses are 54.6, 55.3, 54.9,
21.3, 57.4, and 54.6MPa, respectively. When the
working face is mined to 75m, there is only 5m coal
pillar between the working face and the headentry,
and the coal pillar loses its bearing capacity

(2) When the working face passes through the roof
abandoned roadway, the leading stress peak shifts
to the abandoned roadway and overlaps with the
stress at the abandoned roadway. The stress peak
increases continuously, and the stress intensively
and gradually extends to the upper abandoned road-
way, with a large degree of concentration

(3) When the working face passes through the aban-
doned roadway of the coal seam, the peak stress
gradually shifts to the abandoned roadway. As the
working face advances, the width of the solid coal

A
T

T
A' C'

B'

B

C

L

h

QA R1

R2

P2
P1

𝜃1

𝜃2

2 (x1+x2+x3)/3

l

d/2

Figure 7: Stress state of key blocks B and C.

Table 1: Physical mechanical parameters of coal rock in the established model.

Lithology
Bulk modulus

(GPa)
Shear modulus

(GPa)
Internal friction

angle (°)
Cohesion
(MPa)

Tensile strength
(MPa)

Density
(kg·m-3)

Main roof 3.2 1.8 33.82 7.27 5.66 2600

Immediate roof 4.3 2.6 34.99 10.79 8.41 2400

II2 coal 1.7 1.0 32.21 2.08 0.77 1400

Immediate floor 4.5 3.1 34.21 10.70 6.21 2400

Main floor 8.0 4.0 36.50 9.89 9.30 2500
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pillar between the abandoned roadway and the
working face decreases continuously, and its bearing
capacity also decreases. When it is shortened to the
limit width of the coal pillar, it will lose its bearing
capacity and fully reach plastic failure

The development law of the coal seam and roadway plas-
tic zone when the coal pillar working face passes through the
track roadway, the return airway, and the headentry is
shown in Figure 10.

As shown in Figure 10, the development law of the plastic
zone is as follows: when the working face passes through the
roof roadway, the front coal wall on the initial advancing
working face is affected by the advanced stress. The develop-
ment depth in the plastic zone is 6.2m, and the development
depth in the plastic zone on the sidewall of the abandoned
roadway near the working face is 2.4m. Plastic deformation
occurs on the roof and the sidewall. The development of solid
coal between the working face and the track roadway is dis-
tributed as “plastic zone-elastic zone-plastic zone.” When the
working face continues to advance, the development of the
coal pillar plastic zone between the working face and the aban-
doned roadway is gradually connected.

In the actual mining process, the roof thickness changes
with the strike of strata, and the thickness distribution of the
immediate roof on the working face is uneven. Therefore,
the weak part of the immediate roof requires additional
reinforcement.

3.3. Analysis of the Position of the Weak Roof in the Working
Face. The safe rock pillar thickness refers to the minimum
rock pillar thickness when the roof can bear the concen-
trated stress caused by coal mining and the support does
not collapse as it moves downwards. The section where the
thickness of the abandoned roadway and the roof rock pillar
on the working face is less than or equal to the safe rock pil-
lar thickness is the short-distance cross-mining section, and
the mining of this section needs to be strengthened.

The thickness of the safe rock pillar (T) is composed of
the maximum depth of plastic failure on the panel roof (T1
), the thickness of the effective bearing rock stratum (T2),
and the maximum height of roof failure in the underlying
roadway (T3), that is, T = T1 + T2 + T3.

(1) Calculation of the maximum depth of roof failure on
the working face (T1)

T1 =
L sin φ

2 cos π/4ð Þ + φ/2ð Þð Þ × exp cos
π

4
+
φ

2

� �
tan φ

h i
:

ð9Þ

In the formula, L is the distance from the peak bearing
pressure to the coal wall (taken as 5m) and ψ is the internal
friction angle of roof rock (34° for sandy mudstone).

(2) Calculation of bearing stratum thickness (T2)

The thickness of the bearing rock stratum shall be
greater than the minimum thickness when shear or tensile
failure occurs, i.e., T2 >Max fT2S, T2Tg. T2S is the mini-
mum thickness of the bearing stratum in the case of shear
failure, and T2T is the minimum thickness of the bearing
stratum in the case of tensile failure.

T2S =
3q L1 + L2ð Þ

8RS
,

T2T =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3q L1 − L2ð Þ2
16EIRT

s
:

ð10Þ

In the formula, q1 is the uniform load of bearing pressure
on the working face (taken as 0.67MPa), RS is the shear
strength of the roof rock beam (10.35MPa), L1 is the length
of the hydraulic support (4.7m), L2 is the roadway width
(4.0m), EI is the product of elastic modulus and inertia dis-
tance of the roof rock (4MPa, m4), and RT is the tensile
strength of the roof rock beam (5.6MPa).

(3) Calculation of the height of roadway roof failure (T3)

Within the normal range, the height of roadway roof
failure should not exceed the caving arch height of the road-
way roof. The value is related to the roadway width and the
firmness coefficient of roof rock.

T3 =
L2
2f

≤ TM: ð11Þ

In the formula, TM is the carving arch height of the road-
way roof (m), f is the firmness coefficient (taken as 3.3), and
L2 is the roadway width (4.0m).

Through calculation, the thickness of the safety rock col-
umn is T = 3:61m (taken as 4m). It is understood that the
short-distance cross-mining position is the section where
the thickness of the slate pillar of the roadway and the coal
seam roof is not greater than 4m. In the roof roadway, rein-
forcement measures can be taken for the roadway section
within 4m above the coal seam. The area to be reinforced
in the no. 23 pillar working face is shown in Figure 11. In
the abandoned roadways of the internal roof on the working
face, there are 12 roof tunnels in which roof reinforcement is
required.

Track roadway Return airway

3 m {4 m

Headentry

G
oaf

Goaf

200 m

Working face

Figure 8: Numerical model of crossing the abandoned roadways.
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4. Reinforcement Support Scheme and
Effect for the Working Face Crossing the
Abandoned Roadway

4.1. Reinforcement Support Measures for the Working Face
Crossing the Abandoned Roadway. As the roadway is located
in the coal seam, with long support length and time, the
design is to carry out pseudoinclined mining in the working
face and to add anchor cable to the coal seam abandoned
roadway to reinforce the support. In the no. 23 mining area,
the inclined coal outlet of roadway 2311 and the combined
coal outlet of roadway 2311, roadway 2314, and roadway
2312 are coal roadways. The reinforcement scheme is to
construct two rows of anchor cables along the lines on the
left and right from the roadway centerline, with an anchor
cable spacing of 1.6m. The specification of the anchor cable

is Φ21:6 × 9200mm, equipped with a 300 × 300mm anchor
cable tray. The reinforcement support by means of the
anchor cable is adopted to improve the roadway support
strength and achieve the support resistance of crossing the
empty roadway. The layout of the anchor cable for the rein-
forcement roof in the headentry is shown in Figure 12.

4.2. Reinforcement Measures for the Weak Roof in the
Working Face Crossing the Abandoned Roadway. In the pre-
vious reinforcement measures for the abandoned roadway
roof, both the wood pile supporting and filling technologies
can strengthen the roof support capacity. Also, when used as
a false roof, they allow the hydraulic support to hold the
wood pile or filling body above when the roof collapses, so
that there is no empty roof above the support. The support-
ing effect is relatively excellent [22–25].
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Figure 9: Stress distribution at different positions when the working face passes through the abandoned roadways.
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Figure 10: Development of plastic zones at different positions when the working face passes through the abandoned roadways.
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The no. 23 working face contains many abandoned
roadways, each of which needs a small support area. If the
filling technology is adopted, the construction process is
complex and the cost is high. The wooden pile supporting
process is simple, and the mining period of the working face
is short; thus, it can meet the supporting requirements and

can be a reasonable choice for the no. 23 coal pillar crossing
the working face. The design scheme for strengthening the
weak roof with wooden pile support is as follows:

(1) At no. 2, no. 3, and no. 10 reinforcement points, the
rock columns exceed 4m, and there is no risk of roof

Rock pillar

1

2

5.6 m

7.2 m

2309 roadway

parking lot

23 coal pillar open-off cut
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transportation roadw
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23 track roadw
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23 return airw
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23 coal pillar
working face

Coal extraction

2311 inclined 
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connecting roadway

11 50 m
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2316 parking
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2312 connecting

3 9.5 m

4 14 m
22 m5

2316 return airway
7 43 m

8 50 m

9 32 m

10 4.3 m

B 43 m

A 70 m

17 m6

Figure 11: Positions requiring to be reinforced when the working face passes through the roof abandoned roadway.
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Figure 12: Layout of anchor cables for the reinforcement roof in the headentry.
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fall in passing through the roadway normally; thus,
no reinforcement measures are required. At the no.
1 point, the rock pillar is 5.6m, and the roadway in
this section needs to be reserved along the goaf.
Therefore, the spatial intersection in the roadway at
the no. 1 point needs to be reinforced, to ensure
the roadway supporting effect during roadway reten-
tion. The roadway reinforcement length is 5m, and
the reinforcement method is to set up wooden stacks
connecting the top to the bottom, which are bound
firmly to prevent collapse

(2) No. 4 to no. 9 reinforcement points are all the junc-
tions of the coal roadway and the rock roadway, with
the highest risk of roof fall during backstoping; thus,
key reinforcement is required. The reinforcement
length is 14m at the no. 4 point, 22m at the no. 5
point, 17m at the no. 6 point, 43m at the no. 7 point,
50m at the no. 8 point, and 32m at the no. 9 point.
The reinforcement method is to arrange a layer of
wood beams at an interval of 1m along the disposal
and roadway side on the bottom plate, arrange a
layer of reinforcement mesh on the wood beam 2m
before the junction of coal and rock, and then set
wood cribs on the wood beam to connect the top
and bind them together to form a whole

(3) The reinforced sections A and B are both rock road-
ways near the coal seam, where the rock pillar is less
than 4m and the minimum rock pillar is 1.8m. They
are locations with high risks of roof fall during back-
stoping and need to be reinforced. The reinforce-
ment length is 70m for section A and 43m for
section B

4.3. Support Effect of the Working Face Crossing the
Abandoned Roadway. After the support scheme is imple-
mented, when the working face passes through the coal seam
abandoned roadway, all the coal pillars between the coal
seam abandoned roadway and the working face have under-
gone plastic failure. With the continuous reduction of the
coal pillar width and under the mining impact, the plastic
zone of the surrounding rock in the abandoned roadway
extends to the deeper part, the shear failure state develops

to tensile failure, and the coal pillar loses its bearing capacity.
After the working face is strengthened by wood pile classi-
fied and anchor cable reinforcement, the stress concentra-
tion is reduced, the stress of surrounding rock declines,
and the impact of the abandoned roadway on the working
face mining is reduced. The effect after abandoned roadway
support is shown in Figure 13.

After the reinforcement measures are taken, the roadway
support effect is good. Therefore, the reinforcement mea-
sures are feasible.

In the mining process, the hydraulic support resistance
on the working face was monitored. The monitored objects
were the three abandoned roadways in the middle part of
the working face, namely, the track roadway, the transit
roadway, and the return airway. The headentry was taken
as the 0 position on the working face, the support resistance
was tested and collected within 100m before and after the
transit roadway, and the characteristics of the working resis-
tance of hydraulic support were at different positions when
the working face was pushed to the abandoned roadways.
The average support resistances were drawn into a curve,
as shown in Figure 14. The impact on the support resistance
on the working face in passing through the abandoned road-
ways is analyzed.

As shown in Figure 14:

(1) In the advancement of the working face, the influence
range of the abandoned roadway is 50m. Beyond
50m, the support resistance remains 29.4MPa, basi-
cally not affected by the abandoned roadway. Within
50m and nearing the abandoned roadway, the influ-
ence degree gradually increases. When the working
face is pushed to the roof abandoned roadway, the
working resistance reaches the peak

(2) When the working face advances to the track road-
way, the headentry, and the return airway, the work-
ing resistances reach the peak values 39.3, 40.6, and
39.6MPa, respectively. After the working face passes
through the track roadway, the support resistance,
under the overlapped impact of the track roadway
and the transit roadway simultaneously, first
decreases and then increases. But the resistance peak
is still within the pressure range of the support safety

�e roadway roof 
is regular

0m

Roadway side wall
integrity

Figure 13: Field support effect on the working face.
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valve, and the hydraulic support can continue to
work normally

The monitoring of hydraulic support resistance shows
that the methods of wood pile reinforcement and anchor
cable reinforcement on the working face are effective. The
hydraulic support can operate normally, which ensures safe
mining on the no. 23 coal pillar working face.

5. Discussions

The working face crossing the abandoned roadway under
complex stress conditions in deep mining is a complicated
engineering issue. Before the support design scheme was
made, a large number of field researches and knowledge
were made, a mechanical model was established for the char-
acteristics of the main roof fracture, and its characteristics of
fracture were analyzed. A numerical simulation analysis was
carried out on the characteristics of the surrounding rock
stress and the plastic area changes when the working face
passed through the abandoned roadway group. A support
scheme is designed for the working face crossing several
abandoned roadways as per different roadway positions in
the working face, and the characteristics of working resis-
tance change as the working face hydraulic support advances
are monitored throughout the process, to verify the feasibil-
ity of the support scheme. The support scheme designed in
this paper is the final result of a series of work above.

The working face is buried deep, the immediate roof is
thick, and the rock pressure is not obvious. Even in the same
mine, the surrounding rock structure changes greatly and
has different characteristics. The support scheme required
still needs to be reevaluated and designed. The mechanical
model established herein is not perfect in details. The estab-
lishment of the model is considered from the view of the
main roof but the influence when the immediate roof con-
tains two layers of rocks with an accumulative thickness of
5.92m. The monitoring result of the support resistance on
the hydraulic support shows that the fluctuations are as we
expected. If the surrounding rock control theory is opti-
mized, the simulation effect of the mechanical model can
be closer to the engineering practices, and the error can even
be limited within a range, so that the utilization rate of mine

resources will be improved. Therefore, more relevant prac-
tices and researches are required in the future.

6. Conclusions

(1) The mechanical model of the coal pillar working face
crossing the abandoned roadway is constructed. The
process of fracture when the working face crosses the
abandoned roadway is analyzed, which mainly
shows that key block B crosses the abandoned road-
way and the solid coal, forming the “cross-roadway
long key block.” It is calculated that the minimum
support resistance required for the abandoned road-
way is 6700 kN

(2) The stress distribution when the working face passes
through the abandoned roadway is simulated and
analyzed. The results show that when the working
face passes through the roadway, the stress gradually
increases, stress concentration appears, the plastic
zone gradually extends to the deeper part, and the
plastic zones of surrounding rocks of the abandoned
roadway are connected, which affect the normal
mining of the no. 23 coal pillar working face

(3) The support scheme of the working face crossing the
abandoned roadway is proposed. According to the
roof abandoned roadway, the thickness of the safe
rock column is calculated to be 4m, and wood pile
filling is applied to strengthen reinforcement. The
coal seam abandoned roadway is used for pseudoin-
clined mining and anchor cable reinforcement sup-
port on the working face. The field observation
shows good supporting effect

(4) The monitoring scheme of working resistance on the
hydraulic support in the working face is put forward.
When the working face advances to the headentry,
under the overlapped impact of the headentry aban-
doned roadway group, the support resistance reaches
the peak value of 40.6MPa, which is still within the
normal range of the safety valve. The wood pile clas-
sified reinforcement and anchor cable reinforcement
scheme can ensure that the working face passes
through the abandoned roadways safely
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Earthquake, flood, human activity, and rainfall are some of the trigger factors leading to landslides. Landslide monitoring data
analysis indicates the deformation characteristics of landslides and helps to reduce the threat of landslide disasters. There are
monitoring methods that enable efficient acquisition of real-time data to facilitate comprehensive research on landslides.
However, it is challenging to analyze large amounts of monitoring data with problems like missing data and outlier data
during data collection and transfer. These problems also hinder practical analysis and determination concerning the uncertain
monitoring data. This work analyzes and processes the deformation characteristics of a rainfall-induced rotational landslide
based on exploratory data analysis techniques. First, we found that the moving average denoising method is better than the
polynomial fitting method for the repair and fitting of monitoring data. Besides, the exploratory data analysis of the Global
Navigation Satellite System (GNSS) monitoring data reveals that the distribution of GNSS monitoring points has a positive
correlation with the deformational characteristics of a rotational landslide. Our findings in the subsequent case study indicate
that rainfalls are the primary trigger of the Zhutoushan landslide, Jiangsu Province, China. Therefore, this method provides
support for the analysis of rotational landslides and more useful landslide monitoring information.

1. Introduction

A landslide is a common geological hazard that seriously
threatens life and property globally [1–3]. Like an earth-
quake, rainfall is also one of the most recognized trigger fac-
tors for landslides [4, 5]. Researchers have proposed rainfall
thresholds and established relevant models to forecast the
landslide occurrence [6, 7], and some have developed early
warning systems for all kinds of landslides [8]. However,
researchers have also suggested that rainfall information
alone is not enough for predicting landslides because it does
not consider soil moisture conditions [9]. Therefore, a
single-factor monitoring method is not enough to predict
landslides accurately. At present, there are various hydrolog-
ical, geological, and surface monitoring methods. Setting
alarm thresholds for multiple parameters is reasonable

[10]. However, rainfall can cause changes in other monitor-
ing parameters of landslides.

Exploratory data analysis (EDA) is a technique or
method for analyzing and processing data sets for summa-
rizing their main characteristics, usually by visualization,
and it plays a paramount role in obtaining valuable informa-
tion from data [11]. This method has been effectively applied
to a variety of aspects [12], such as computer graphics [13],
bioinformatics [14, 15], meteorology [16], traffic [17], and
crops [18]. According to the soil or rock mass movement
principle and reason, for landslides, Qarinur [19] focused
on determining the correlations between the sliding distance
of landslide against high, slope, and volume by using the
EDA method. It was reported to be the first time EDA was
implemented to describe the relationship between the loca-
tion of GPS monitoring points and the trend of their
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displacements. He detected the outliers from the raw data
and verified the deformation characteristics of a rotational
landslide using 3D graphs.

It is necessary to know the steps of the EDA process.
First, the project-related data, their types, and the category
of variables should be prepared and identified; second,
outliers should be detected or fixed using mathematical
models if necessary [20]. There are two types of causes
of outliers: artificial and natural [21]. Second, different
methods should be considered to solve different situations
due to the different outliers, such as monitoring, data pro-
cessing, and sampling errors. Third, outliers should be
removed or fixed by using statistical methods [22]. Fourth,
the connections between each variable and its target
should be surveyed. Finally, data should be analyzed from
different dimensions to get the internal relationship among
various data.

Mathematical models are often employed for the land-
slide early warning to predict landslides and achieve good
results [23, 24]. However, the precondition of establishing
a mathematical model is to ensure the integrity and validity
of monitoring data. In the process of landslide monitoring,
the loss or abnormality of monitoring data caused by moni-
toring equipment failure or external factors is inevitable
[25]. It is essential for irregular data to know whether it is
caused by disturbance, gear disappointment, or avalanche
distortion to avoid triggering a false alarm. This requires
data analysis and research to reduce the uncertainty impact
of big data [26, 27].

Owing to the complex geologic structure of the land-
slides, the deformation of the monitored points at different
locations is closely related to the geological features of those
locations [25]. This paper provides insights into the types of

landslides and the relationship between rainfall and other
monitoring data through the analysis of the Zhutoushan
landslide monitoring data in China and explores how to
evaluate the outlier data using EDA.

2. Material and Methodology

The Zhutoushan lies above the residential area of Yongn-
ing Town, Nanjing, Jiangsu Province, China. The central
areas are located at the 118°39′37″E and 32°09′24″N
(see Figure 1).

The study area is located on one side of the Zhutoushan
Range, and there are many prominent fault zones. The geo-
logical structure is composed of sandstone, marlite, and
loose soil. In the 1970s, large-scale mining activities took
place at the base of Zhutoushan and unreasonable excava-
tions led to many landslide disasters. Houses were destroyed
at the foot of the slope, resulting in a significant loss of life
and property.

An early warning and automatic deformation monitor-
ing system based on GNSS is adopted to monitor the surface
deformation of the Zhutoushan landslide. The system inte-
grates technologies are composed of GNSS high-precision
positioning, General Packet Radio Service (GPRS) commu-
nication, wireless communication, database technology,
and all kinds of sensors, being able to monitor the deforma-
tion of the landslide immediately and analyze and compare
the monitoring results.

According to the design requirements and field survey,
this system comprises one GNSS reference station located
outside of the landslide, eight GNSS monitoring stations
(Figure 1) (the GPRS is outside the area affected by landslide
deformation), six inclinometer monitoring points in which
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Figure 1: Location of the Zhutoushan landslide.
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each point was installed with four sensors at various depths
to detect slope deformation, four water-level monitoring
points, three pore water pressure (PWP) monitoring points,
one rainfall monitoring point which was installed at the edge
of the landslide (Figures 2 and 3), one soil water content
monitoring point, and two video monitoring points.

An inclinometer is used for obtaining displacement infor-
mation of deep slidingmass. As an essential aspect of landslide
monitoring, four fixed inclinometers in series are installed in
each well log buried at different depths, effectively reflecting
the displacement changes of deep sliding mass in real time
(Figure 2). Soil moisture sensors are usually used to measure
the moisture percentage of the soil. They can calculate the
moisture content. Soil moisture sensors are located around
the GNSS position and collected the data in real time.

The system was initiated in July 2017, and the data were
collected and transferred to the computing center in real
time using wireless sensor network technology.

The approach utilized involves the following: (a) GNSS
data, inclinometer data, rainfall data, soil water content
data, and water pressure data come from the landslide early
warning system and (b) data analysis by using the EDA for
establishing the correlation between the monitoring rain-
fall, other monitoring data, outliers, and characteristics of
GNSS data.

3. Results and Discussion

3.1. Rainfall and Displacement. In most cases, the primary
trigger of landslides is persistent heavy rain. Detailed data
from the monitored landslides reveal that numerous land-
slides have been associated with rainfall [28–30]. Because
of the heavy rainfall, the rainwater can seep into the under-
ground and then flows through unsaturated soil. As a result,
the water may be located on lower permeability materials or
a drainage barrier, such as sandstone, siltstone, marlstone,
limestone, soil, and bedrock.

Rainfall has a significant impact on the displacement of
the ground surface and underground inclination. On August
15, 2018, the rainfall less than 2mm caused changes in the
surface’s horizontal displacement but had a slight effect on
the changes in the inclination and elevation. During Decem-
ber 25–27 in 2018, the rainfall was 178mm, 406mm, and
313mm, respectively. These caused dramatic changes in
horizontal displacement, vertical displacement, and inclina-
tion (Figure 4). The displacement of various inclinometer
depths, determined by rainfall, is also different. The surface
deformation with a buried depth of 4.5m surpassed that
with a buried depth at 9m and 13.5m.

Rainfall has little effect on PWP. The influence of rainfall
on soil water content is also comparatively small, only

Video surveillance
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Figure 2: Positions of the monitoring instruments.
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Figure 3: Monitoring instruments on the landslide.
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affecting its fluctuation in a small range (Figure 4(a)). Yet the
rainfall on December 26, 2018, was 406. These changes are
not obvious.

3.2. Outlier Detection in Raw Data. In GPS data collection
and transmission, measurement errors and random noises
are inevitable. By establishing the corresponding mathemat-
ical model or error processing, the influence of errors and
noises on the original data can be reduced. However, an out-
lier will significantly affect the quality of data determination
and modeling of original data. Therefore, the outliers must
be identified and removed when a mathematical model is
established to reduce the impacts of errors or noises.

Box plots, a statistical diagram that displays a set of data
distributions, can be used to detect outliers in raw data. For
example, GPS1 (mark 1 of GPS) has an abnormal value in
the elevation direction; x, y, and horizontal directions are
normal (Figure 5). Therefore, the vertical displacement of
GPS1 can be fitted by basic 20 days moving average method.
With this method, each observation is replaced by an aver-
age (Figure 6). However, some vital information can be con-
cealed. Therefore, the moving average denoising method is
suitable [7, 31, 32]. Using this method, we determined the

outliers by the Root Mean Square Error (RMSE) and
replaced them with their average values (Figure 7). The other
values are still observations because some vital information
from the raw data is available.

For the same data, the polynomial fitting model is
adopted, and it is found that the correlation coefficient of
the second method is better than that of the first method.
Thus, the accuracy of the polynomial fitting model is
enhanced after the outliers are removed. However, it should
be identified whether the measurement error causes the
abnormal value. If it is a real deformation value, an alarm
is required. This requires careful consideration of various
factors to make a comprehensive determination. Since the
operation of the landslide monitoring system in 2017, there
have been several outliers caused by equipment faults.

3.3. Exploratory Data Analysis (EDA). The EDA method has
been applied to a variety of problems successfully [12]. It
refers to a data analysis method that explores structure and
raw data through charts, equation fitting, and calculation
of characteristic quantities under little prior assumptions
for the original data obtained by observation or investigation
[33]. From the scattered plots, R squared is greater than or
equal to 0.9 (Figures 8 and 9). R squared of GPS3 is the max-
imum (at 0.970). R squared of GPS1 is the minimum. Some
points are far away from the line. On both coordinate axes,
the variables are rescaled as standard deviational units.
Thus, an observational value exceeding 2 can be designated
as outlier (Figure 10(a)) [34]. The regression line is recalcu-
lated, and it reflects the slope for monitoring data without
the current selection. During updating in the scatter plot
(Figure 10(b)), 9R squared of GPS1 will increase to 0.911,
and T value will increase from 74.031 to 78.324.

Since vertical displacements of GPS1 and GPS2 are
upward, and the others are downward, the trend of vertical
displacements is either upward or downward, and there is
a positive correlation between them. Conversely, if one trend
of vertical deformation is upward and another is downward,
their relation is negative (Figure 11). The correlation
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imitates the deformation characteristics of a rotational land-
slide, and it gives information for further research.

3.4. Landslide Surface Displacement. The horizontal dis-
placement direction of the eight GPS stations imitates the

sliding tendency of the sliding mass in the horizontal direc-
tions. The landslide as a whole is in the northwest direction,
and the azimuth angle is around 310° to 330° (Figure 12).
The most significant horizontal displacement is GPS1, while
GPS8 is the smallest horizontal displacement, and the value
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is less than 50mm, indicating that the point is currently sta-
ble or unaffected by the landslide deformation. The reasons
are that GPS8 is located far from the landslide. Simulta-
neously, the displacement of GPS6 is very distinct. The
north direction displacement is more significant than that
of the west direction; from Figure 1, we can see that the posi-
tion of GPS6 is located at the edge of the landslide.

The landslide deformation is not just in one direction
but in three directions (Figure 13). The deformation at the
north is superior to the deformation at the west. Thus, the
direction of landslide displacement is transformed into the

north. The vertical deformations are rising for the GPS1
and GPS3, and the other monitoring points are the opposite.

The date from July 14, 2017, to April 8, 2019, is selected
for this study object on Zhutoushan landslide monitoring.
GNSS monitoring data analysis results show that the vertical
displacement of other points is larger except GPS6 and GPS8
(Figure 14). The GPS1 deformation monitoring point is the
largest horizontal in these eight monitoring points, which
is 792mm. According to the vertical displacement site, the
displacement values of GPS1 and GPS2 move up, while the
other values move down; also, GPS2 and GPS3 monitoring
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points are more significant than others. The largest is GPS2,
reaching 149.8mm. From the deformation rate site, the aver-
age rate of these eight points is 2mm per day, which indi-
cates that the Zhutoushan landslide is in a stable stage
overall. However, the observation frequency and intensity
of GPS1 and GPS2 need to be enhanced, as these two are
located in the toes of the landslide and are more affected
by the landslide deformation to prevent the possibility of
sudden landslide deformation.

According to landslide classifications [35], Zhutoushan
is a rotational landslide (Figure 15). Squeezed by the upper
landslide, GPS1 and GPS2 that are located in the toe of land-
slide surface of rupture rise in the vertical direction. Other
GPS monitoring points slip down under the influence of
gravity.

It is dangerous to overlook outliers in the raw data. Neg-
ative results are yielded if outliers are included in the course
of processing data and analysis with exclusion. Box plots can

–2.20
–2.60

–1.50

–0.40

0.70

1.80
2.00

2.90

–1.40 –0.60 0.20
Number of times

1 1.80

Ve
rt

ic
al

 d
isp

la
ce

m
en

t o
f G

PS
1 

(m
m

)

#obs
608 0.900 0 0 1 0.949 0.013 74.031 00.013

R2 Const a Std-err a Std-err bT-stat a T-stat bSlope bp value a p value b

(a) Standardized data of GPS1

–2.20 –1.40 –0.60 0.20
Number of times

1 1.80
–2.60

–1.50

–0.40

0.70

1.80

2.90

Ve
rt

ic
al

 d
isp

la
ce

m
en

t o
f G

PS
2 

(m
m

)

#obs
608 0.900 0 0 1 0.949 0.013 74.031 00.013
8 0.601 –11.873 –2.500 0.047 10.659 3.549 3.004 0.0244.750

608 0.911 –0.015 –1.301 0.194 0.928 0.012 78.324 00.012

R2 Const a Std-err a Std-err bT-stat a T-stat bSlope bp value a p value b

(b) Updating the scatter plot of GPS1

Figure 10: Analysis data of GPS1.

–40–19

–100

–160

–40
–2.587⁎⁎ –0.771⁎⁎ –1.638⁎⁎

–2.082⁎⁎–1.271⁎⁎

–0.339⁎⁎ –0.536⁎⁎0.270⁎⁎

–3.394⁎⁎

–60

–160
–19

19

57

0

0

19 57
GPS1-H (mm)

G
PS

4-
H

 (m
m

)
G

PS
3-

H
 (m

m
)

G
PS

2-
H

 (m
m

)
G

PS
1-

H
 (m

m
)

GPS2-H (mm) GPS3-H (mm) GPS4-H (mm)
–160 –80 –100 –600 060 160

–1.485⁎⁎ –0.457⁎⁎ 0.591⁎⁎

Figure 11: Scatter plot matrix between GPS1, GPS2, GPS3, and GPS4.

8 Geofluids



be implemented for detecting outliers from the raw data.
The limitation of a box plot is that accurate measurement
of the distortion in data distribution and degree of tail
weight are not obtained. In addition, for many data sets,
the shape information reflected by the box plot is fuzzier,
and there are limitations in using the median to represent
the overall average [36–40].

Polynomial fitting models and moving average denois-
ing methods can be used to repair outliers. From the data
analysis perspective, the accuracy of the latter is better than
the former. The polynomial fitting model is a mathematical

model that can be fitted by including outliers and raw data;
it will remove some critical information from the raw data
and the moving average noise. According to the setting
step, the accuracy and retained information will also be dif-
ferent, requiring setting the corresponding step size to the
specific project.

Moreover, the authenticity of the data affects the analysis
results. One challenge in landslide monitoring is that amid
the large amounts of data collected via different monitoring
methods, it is hard to identify whether the outliers are caused
by external factors or by landslide deformation. This requires a

800

700

600

500

400

300

200

N
or

th
 d

ire
ct

io
n 

di
sp

la
ce

m
en

t (
m

m
)

West direction displacement (mm)

100

–400 –350 –300

GPS1
GPS5
GPS2
GPS6

GPS3
GPS7
GPS4
GPS8

–250 –200 –150 –100 –50 0
0

Figure 12: GPS displacement from July 14th, 2017, to May 1st, 2019.

118.659118.656 118.662

118.659

750 150 m

118.656 118.662

GPS7

GPS3

N

GPS1

GPS4GPS2

GPS5

GPS6
32

1.
15

7

GPS
North
West
Height
100 mm
200 mm
300 mm

400 mm

500 mm

Boundary
World imagery

32
1.

15
4

32
1.

15
7

32
1.

15
4

Figure 13: Visualization of a surface displacement (2019-04-08).

9Geofluids



comprehensive determination to avoid misdetermination and
threat to people’s lives and property damage. If the outliers are
caused by the deformation of the landslide and exceed the
deformation warning threshold, the system should send an
alarm to inform people to take safety measures. Otherwise,
the outliers can be removed from the raw data.

EDA can only detect outliers in a data set but cannot rec-
ognize the outliers caused by data transmission or deforma-
tion of the landslide. Simply removing outliers’ value can
add further risk of deviation to the analysis. Therefore,
EDA needs to improve user engagement through the users’
feedback. These are the main challenges in the processing
of the raw data.

For GNSS data in landslide monitoring that are data of a
single variable, we mainly performed analysis using box
plots and scatter plots. To monitor the deformation of the
landslide, various means can be used to collect data through
various monitoring methods, but it is challenging to describe
outliers in multivariable data using the EDA method.

The landslide deformation data can be visualized
through many methods. As for the form of expression, it is
preferable to distinct the horizontal and vertical deformation
data, and it is easier for people to get relevant information
from Figures 12 and 14. Though Figure 13 shows the data
of North, West, and Height simultaneously, it cannot show
the deformation process but only shows the results.

Owing to the landslide’s complex geological structure,
the landslide’s geological characteristics and the all kinds

of types of landslides are related to the deformation of the
monitoring points at different locations. The relationship
between different monitoring points is positive, consistent
with most similar landslide deformations through EDA of
surface GNSS monitoring data. After standardizing the
data, the outliers can also be detected to improve the qual-
ity of the data.

4. Conclusions

The deformation characteristics of a rainfall-induced rota-
tional landslide are analyzed in this paper based on the
EDA method, and the Zhutoushan landslide is a rainfall-
induced rotational landslide. We get some conclusions that
are as follows. First, the box plot can detect outliers from a
mass of raw data collected by the instruments located in
the Zhutoushan landslide, and the moving average denoising
method is better than the polynomial fitting method repair-
ing and fitting the monitoring data. In addition, based on the
EDA of GNSS monitoring data, the distribution of GNSS
monitoring points has a positive correlation with the defor-
mation characteristics of the rotational landslide, which sup-
ports rotational landslide and more helpful information for
landslide monitoring. Overall, the EDA method is shown
to be interesting and valuable to process massive monitoring
data for the rainfall-induced rotational landslide.

Moreover, multiple monitoring methods, which are geo-
logical and meteorological monitoring methods, can be used
to enhance landslide prediction. The monitoring results of
landslides by various monitoring methods can be mutually
verified to ensure data correctness and prediction accuracy.
With the development of artificial intelligence and deep
learning, rapid and effective analysis and determination of
monitoring data help us understand and grasp the character-
istics of landslide deformation.

With the development of landslide deformation moni-
toring equipment, data collection, transmission, and storage
technology, it is one of the future development directions of
landslide monitoring information processing to mine the
complex relationship between massive monitoring data and
various monitoring data.
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Mixed-mode (I-II) fracturing is a prominent mechanical characteristic of hydraulic fracture (HF) deflecting propagation. At
present, understanding the effect of injection rates on HF deflecting propagation remains challenging and restricts the control of
HF deflecting propagation bearing tensile and shear stresses with fluid injection rates. Our recently published experimental
results show that the fracture process zone (FPZ) length of mixed-mode (I-II) fractures in rock-like materials increases with the
rising quasistatic loading rate. Both the deformation in FPZ and the generation of real fracture surfaces are tensile. On this basis,
the rate-dependent mixed-mode (I-II) cohesive fracture model was proposed under quasistatic loading, and a couple of
theoretical outcomes were obtained. Under different injection rates, the deflecting HF propagates step-by-step under mixed-
mode (I-II) fracturing, and the HF extension path is supposed to be straight in each step. With the increment of injection rate,
the increased (tensile) FPZ length is the stable propagation distance of deflecting HF in each step and besides deteriorates the
fracture resistance discontinuity of FPZ developing to be a real tensile fracture. Thus, the mixed-mode (I-II) fracture tends to
propagate unstably driven by kinetic energy once FPZ develops completely under fast loading. Moreover, two injection rate-
dependent (IRD) HF deflecting propagation modes were determined, i.e., the step-by-step stable-propagation and step-by-step
unstable propagation modes. HF deflection occurs in the step alternation of fracture propagation. With the increasing fluid
injection rate, the increased FPZ length and kinetic energy (from fracture resistance discontinuity) extend the stable and
unstable HF propagation distance along the initial direction in an extension step, respectively. Therefore, fast fluid injection
improves the HF deflecting propagation radius; i.e., it inhibits the HF deflecting propagation or promotes HF extension along
the initially designed direction. The injection rate-dependent HF deflecting propagation modes (based on the proposed model)
were validated by further processing of published true triaxial physical simulation tests of hydraulic fracturing. The ordinal
response of Fiber Bragg grating sensors embedded along the fracture propagation path, and the continuous fluctuant injecting
pressures validate the step-by-step propagation of the hydraulic fracture. The test-measured deflecting HF trajectory indicates
that high fluid injection rates remarkably increase the HF deflecting radius, which is consistent with the theoretical analysis in
this work. The above findings can provide theoretical bases for controlling the HF deflecting propagation in the surrounding
rock of mines and oil-gas reservoirs.

1. Introduction

In the mine, weakening the hard roof above the coal seam by
hydraulic fracturing is a significant technical means to pre-
vent the sudden collapse of the hard roof, avoiding dynamic
disasters [1, 2]. For oil/gas exploitation, directional perfora-
tion hydraulic fracturing is a practical approach to improve

the permeability and oil drainage area of the oil-gas reser-
voirs [3, 4]. Due to disturbance stresses caused by excavation
in the mine and the directional perforating in oil/gas reser-
voirs, the designed HF extension direction is always oblique
to the principal directions of in situ stresses. Consequently,
HF propagates along a deflecting trajectory and presents
shape-s (Figure 1). Due to in situ stresses and net pressure
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of the hydraulic fluid, the deflecting HF (Figure 1(a)) bears
the tensile-shear combined stresses and follows mixed-
mode (I-II) fracturing [3] (Figure 1(b)). Therefore, control-
ling the HF deflecting propagation under mixed-mode (I-
II) fracturing conditions is fundamental to enhancing the
hard roof weakening in the mine and improving permeabil-
ities in oil-gas reservoirs. Since the fluid injection rate is a sig-
nificant parameter for controlling HF propagation, the
injection rate-dependent deflecting propagation rule of the
hydraulic fracture is the theoretical basis for controlling HF
in field applications.

To date, investigations of the HF deflecting propagation
rules focus on the effects of horizontal in situ stresses differ-
ences, fracture initiation azimuth, and disturbance stress on
HF deflecting trajectory [3–6]. However, researches on injec-
tion rate-dependent (IRD) HF deflecting propagation are rel-
atively limited [7, 8]. The limited studies, conducted by true
triaxial physical simulation tests of hydraulic fracturing [8]
and extended finite element (XFEM) simulations [7], reveal
that the increased injection rates remarkably extend the HF
deflecting distance. The above investigation provides refer-
ences for the effective control of HF deflecting propagation.
However, the HF deflecting propagation model was not pro-
posed based on the above hydraulic fracturing experiments;
besides, the fracture model employed in the above XFEM
simulations is independent of fluid injection rates. Therefore,
theoretical characterization of the rate-dependent mixed-
mode (I-II) fracturing in rock-like materials is fundamental
to revealing the IRD HF deflecting rule.

Mixed-mode (I-II) fracturing is a prominent mechanical
characteristic of HF deflecting propagation. As of now, elastic
mixed-mode (I-II) fracture models, such as the maximum
stress criterion [9], the maximum energy release rate crite-
rion [10], the minimum strain energy density criterion [11],
and other modified models [12] of above criteria, were most
widely used to characterizing fracture initiation directions.

However, the above mixed-mode (I-II) fracture models are
independent of loading rates. Rate-dependent fracturing
characteristics of rock-like materials were mainly investi-
gated with fracturing experiments, focus on mode I (tensile)
fractures, whereas researches on mixed-mode (I-II) fractures
are relatively limited. Most experimental results show both
the mode I (tensile) and mixed-mode (I-II) cracks of rock-
like materials, such as concrete [13], shale [14], granite
[15], and marble [16, 17], have similar rate-dependent frac-
ture behaviors. More specifically, the elastic fracture resis-
tances (fracture toughness or energy release rate) are
strengthened with loading rates increasing. The enhanced
fracture resistance is attributed to the insufficient develop-
ment of plastic strains and intergranular cracks under fast
loading [13–15, 18]. The above investigations significantly
deepen the understanding of the rate-dependent fracture
behavior during HF deflecting propagation. Nevertheless,
previous investigations still have two limitations. (1) The pre-
vious investigations mainly reveal the rate-dependent elastic
fracturing characteristics of mixed-mode (I-II) crack in
rock-like materials, neglecting the rate-dependent develop-
ment of fracture process zone (FPZ). Note that FPZ is a non-
negligible microcrack zone ahead of the mixed-mode (I-II)
fracture tip, which is the prominent fracture characteristic
of rock-like materials [19–23]. Hence, the traditional fracture
model cannot delineate the rate-dependent FPZ growth in
HF deflecting propagation. (2) The classic elastic mixed-
mode fracture model mainly describes the rate-independent
elastic fracture initiation and is not well-suited for HF
deflecting propagation with FPZ remarkable development
[24–27]. Therefore, characterizations of IRD HF deflecting
propagation lack the applicable mixed-mode (I-II) fracture
model for rock-like materials.

Given that the fluid injection of hydraulic fracturing is
usually quasistatic, in our recently published work [28], the
quasistatic rate-dependent FPZ development of mixed-
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Figure 1: The photo and diagram of the deflecting hydraulic fracture: (a) photos of the HF deflecting propagation with hydraulic fracturing
physical simulation tests (our previous work); (b) the diagram of deflecting HF bearing tensile and shear stresses.
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mode (I-II) fracturing has been investigated. In detail, we
conducted the mixed-mode (I-II) fracturing tests on the cen-
trally cracked Brazilian disk (CCBD) specimens (radius:
50mm) of artificial rock-like materials to create tensile-
shearing mixed-mode (I-II) fractures at different quasistatic
displacement loading rates (0.02~2mm/min). The FPZ
development ahead of the mixed-mode fracture tip was char-
acterized with the digital image correlation (DIC) method.

Two main findings were obtained. (1) At different loading
rates, in the FPZ ahead of mixed-mode (I-II) fracture tips,
the opening displacement perpendicular to the FPZ develop-
ment direction presents a remarkable discontinuity; in con-
trast, the sliding displacement parallel to FPZ development
direction is continuous (Figure 2). This mixed-mode (I-II)
fracturing feature is consistent with the pure mode I fractur-
ing, as shown in Figure 2. Consequently, at different
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Figure 2: DIC-based displacement and strain fields of Mixed-mode (I-II) and pure mode I fracturing at different quasistatic loading rates
(replotted based on our recently published work [28]).
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quasistatic loading rates, the tensile-shearing mixed-mode (I-
II) fracturing just represents the fracture bearing tensile-
shearing stresses for rock-like materials. Still, at the mixed-
mode (I-II) fracture tip, the deformation in FPZ and the gen-
eration of the real fracture surface are tensile. (2) The FPZ
length and the peak load increase with the rising loading rate
(Figure 3) from 0.02mm/min to 2mm/min. Note that the
increment of FPZ length (Figure 3(b); FPZ length increased
by 287%) is much more remarkable than the peak load
(Figure 3(a); FPZ increased by 66%). These rate-dependent
mixed-mode fracturing characteristics provide significant
bases for the theoretical understanding of the injection rate-
dependent HF deflecting propagation rule.

In this work, we proposed a rate-dependent mixed-mode
(I-II) fracturing model, with insights from the rate-
dependent FPZ of mixed-mode (I-II) fracturing (our recently
published work [28]). Based on the rate-dependent mixed-
mode (I-II) fracture model, we obtained several theoretical
outcomes of the injection rate-dependent HF propagation
rule, which was validated with the physical simulation tests
of HF deflecting propagation.

2. Model Bases of the Injection Rate-Dependent
HF Deflecting Propagation

Mixed-mode (I-II) fracturing is a prominent mechanical
behavior of HF deflecting propagation. In this section, we will
propose a rate-dependent mixed-mode (I-II) fracturing
model, with insights from the rate-dependent FPZ of
mixed-mode (I-II) fracturing [28], delineating the
experiment-measured tensile fracturing characteristic of
the mixed-mode (I-II) fracture in rock-like materials.
Then, the rate-dependent fracture initiation and deflecting
propagation will be theoretically analyzed with the correla-
tion between the fracture driving force and resistance (i.e.,
the fracture resistance curve). These theoretical investiga-
tions are fundamental to revealing the correlation between
HF deflecting propagation behavior and fluid injection
rates.

2.1. Rate-Dependent Mixed-Mode (I-II) Cohesive Crack
Model of the FPZ Development. As mentioned in Section 1,
the FPZ deformation ahead of the mixed-mode (I-II) fracture
tip has been validated to be tensile, and FPZ length is
increased with the rising loading rate (Figures 2 and 3).
Therefore, the tensile-shearing mixed-mode (I-II) fracturing
in rock-like materials just represents the fracture bearing
mixed-mode tensile and shear stresses. Still, at the mixed-
mode (I-II) fracture tip, both the deformation in FPZ and
the generation of the real fracture surface are tensile. Based
on this, the rate-dependent tensile fracturing model and the
further theoretical analyses of the mixed-mode (I-II) fracture
will be proposed in this section, following three assumptions
as below:

(1) The tensile FPZ ahead of the mixed-mode (I-II) frac-
ture can be regarded as a tensile cohesive crack [20–
22, 29, 30]

(2) Fracture deflecting propagation follows the step-by-
step mixed-mode (I-II) fracturing mode. The pro-
posed model is applicable to each fracture propaga-
tion step (Figure 1(b)). In each propagation step,
the FPZ (cohesive crack) growth direction follows
the maximum tensile (tangential) criteria [9, 31, 32]
at the initial mixed-mode fracture tip and the
completely developed FPZ tip (cohesive crack tip)

(3) In each propagation step of mixed-mode fracturing,
the FPZ growth path and the subsequent real fracture
(stable and unstable) propagation trajectory are sup-
posed to be straight, based on the experimental
results (Figure 2)

Note that the maximum tensile (tangential) criteria will
not be discussed in detail. It is not the goal of this work.
The HF deflecting extension trajectory depends on the rate-
dependent mixed-mode (I-II) fracture propagation distance
in each step, which will be interpreted in Section 3. This
model is mainly used to deeply analyze the correlation
between the fracture driving force and resistance, providing
theoretical bases for revealing the injection rate-dependent
deflecting propagation rule of hydraulic fracture.

The tensile FPZ development is seen as the nucleation
and coalescence of the microcracks with energy dissipation
in the vicinity of a crack tip [21, 27, 33]. At different loading
rates, materials softening in FPZ due to the generation of
microcracks (Figure 4(a)) can be delineated by the softening
opening of cohesive crack ahead of the mixed-mode (I-II)
crack tip (Figure 4(b)). Along the cohesive crack, cohesive
stress is distributed and tends to close the crack
(Figure 4(b)), eliminating the singularity at the cohesive
crack tip. Cohesive stress decreases with the softening
deteriorating, which can be represented by the relationship
between the cohesive stress (σc) and the crack opening
displacement (COD; w) in a unit area of cohesive crack
(Figure 4(c)). Considering the moderate softening in
FPZ, the σc-w curve of most rock-like materials is sup-
posed to be linear (Figure 4(c)) [22, 34, 35]. At a constant
loading rate, the softening function of σc-w follows Equa-
tion (1).

σc wð Þ = σt −
σt

wcmax

� �
w, ð1Þ

where σc is the cohesive stress, w the crack opening dis-
placement (COD), σt the cohesive tensile strength, and
wcmax the critical COD.

When σc on both sides of the FPZ reaches σt, the cohesive
crack begins to soften, indicating that the FPZ starts to
develop (Figure 4(c)). Then, σc decreases with the increment
of COD. When σc vanishes and COD reaches the critical
value (wcmax), the real fracture surface of a unit area gener-
ates, and FPZ develops completely. The area under the soft-
ening curve is the dissipated energy (Gf ) (Equation (2)),
which is equal to the cohesive fracture energy (GF) (Equation
(3)) when the crack faces are completely separated
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(Figure 4(c)).

Gf y1ð Þ =
ðw y1ð Þ

0
σc wð Þdw, ð2Þ

GF =
ðwcmax

0
σc wð Þdw: ð3Þ

As shown in Figures 2 and 3, FPZ length is remarkably
increased with the rising quasistatic loading rate. The com-
pleted development FPZ length (L) is regarded as the prom-
inent rate-dependent parameter [28]. Therefore,
distributions of cohesive stress and COD along the FPZ are
rate-dependent (Equations (4)–(6)), and the Gf ðy1Þ in Equa-
tion (2) is also rate-dependent. The previous experimental
investigations [27, 29, 30, 36] validate that σc and w are line-
arly (Figure 4(d)) distributed along the FPZ (Equations (4)
and (5)) and wcmax is linearly (Figure 4(e)) increased with
developing FPZ length (l) (Equation (5)).

σc y1, rð Þ = σc w y1, rð Þð Þ − σc w y1, rð Þð Þ
l

� �
y1, ð4Þ

w y1, rð Þ =wc l, rð Þ − wc l, rð Þ
l

� �
y1, ð5Þ

wc l, rð Þ = wcmax
L rð Þ

� �
l, ð6Þ

where y1 is the axis along FPZ develop direction, r the load-
ing rate, l the developing FPZ length, L the length of a
completely developed FPZ, and wc the crack tip opening
displacement (CTOD).

In each fracture propagation step, the accumulated dissi-
pated energy (Gd) in FPZ can be obtained by the integration
of Gf ðy1Þ along the FPZ length (Equation (7)). GdðlÞ can be

regarded as the fracture resistance during the cohesive crack
extending. When the FPZ develops completely; i.e., l = L, Gf
reaches the critical value, GD, which is a function of the
rate-dependent FPZ length, as presented in Equation (8).
GD indicates the fracture resistance of FPZ completely devel-
oping, corresponding to generating the real mixed-mode (I-
II) fracture of a unit area at the tip of an initial crack tip
without FPZ.

Gd r, lð Þ =
ðl
0
Gf r, y1ð Þdy1, ð7Þ

GD rð Þ =
ðL rð Þ

0
Gf r, y1ð Þdy1: ð8Þ

Substitution of Equations (1)–(6) into Equations (7) and
(8) yields

Gd r, lð Þ = wcmaxσt 3L rð Þ − 2lð Þl2� �
6L2 rð Þ , ð9Þ

GD rð Þ = wcmaxσtL rð Þ½ �
6

: ð10Þ

As mentioned above, the completed development FPZ
length (L) is the prominent rate-dependent parameter [28]
of FPZ development during mixed-mode (I-II) fracturing.
As presented in Equations (9) and (10), the effect of loading
rates on Gd and GD depends on LðrÞ. Therefore, we can
obtain two rate-dependent fracture resistance indexes
(including FPZ length) via dividing Equations (9) and (10)
by wcmaxσt, as listed in Equations (11) and (12).

Rd r, lð Þ = Gd r, lð Þ
wcmaxσtð Þ =

3L rð Þ − 2lð Þl2� �
6L2 rð Þ� � , ð11Þ
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Figure 3: The evolution law of FPZ length and peak load with loading rates increasing: (a) peak load vs. loading rates; (b) FPZ length vs.
loading rates.
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RD r, Lð Þ = GD rð Þ
wcmaxσtð Þ =

L rð Þ
6

, ð12Þ

where Rd and RD are rate-dependent fracture resistance
indexes corresponding to the developing and completely
developed FPZ length.

Equations (11) and (12) present the fracture resistance
during FPZ developing ahead of the real mixed-mode (I-II)
fracture tip (i.e., the mixed-mode fracture initiation). The
classical rock fracture mechanics indicates that the real frac-
ture generation and extension are supposed to be quasistatic
after FPZ completely developing [31, 36–38]. More specifi-
cally, once the FPZ develops completely, a new and real frac-
ture surface per unit length will generate in FPZ ahead of the
initial fracture tip. Due to the continuous nucleation and coa-
lescence of microcracks in FPZ at the real fracture tip, the
completely developed FPZ always locates at the extending
real fracture tip. Namely, the real mixed-mode (I-II) fracture

pushes the tensile FPZ to propagate. Therefore, under the
condition of stable fracture propagation, GF is the stable frac-
ture resistance of generating a real fracture surface per unit
area after FPZ completely developing. Substituting Equation
(1) into Equation (3), the expression of GF follows

GF =
wcmaxσtð Þ

2
: ð13Þ

Similar to Equations (11) and (12), the rate-dependent
fracture resistance index (RF) corresponding to GF follows

RF r, að Þ = GF
wcmaxσtð Þ =

1
2
, ð14Þ

where a is the real fracture length. Note that RF is indepen-
dent of FPZ length and less than RD, with the unit of mm.
Note that the difference between RF and RD is rate-
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Figure 4: FPZ Development ahead of the mixed-mode (I-II) fracture tip of rock-like materials: (a) schematic diagram of the tensile
development of the FPZ under mixed-mode (I-II) stresses; (b) cohesive stresses distributed along the cohesive crack in FPZ, ahead of the
mixed-mode (I-II) fracture tip; (c) cohesive stress vs. crack opening displacement; (d) the distribution of crack opening displacement
along the cohesive crack (i.e., FPZ); (e) the rising crack tip opening displacement with FPZ development (i.e., the increment of FPZ length).
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dependent, which significantly correlated to fracture deflect-
ing propagation and will be discussed in detail in Section 2.2.

2.2. Model-Based Rate-Dependent Stable and Unstable
Propagation of Mixed-Mode (I-II) Fractures. The relationship
between the fracture driving force (stress or energy driving
fracture propagation) and fracture resistance determines
the stable and unstable propagation of the mixed-mode (I-
II) fracture [31, 32, 37]. Note that the FPZ developing process
is stable [22, 34, 35] and the stable or unstable fracture prop-
agation occurs after FPZ developing to be the real fracture
surface. In this section, we will analyze the rate-dependent
stable and unstable propagation based on the proposed
mixed-mode (I-II) fracture model.

2.2.1. Rate-Dependent Stable Propagation of the Mixed-Mode
(I-II) Fracture. The stable fracture propagation follows that
the fracture driving force equals fracture resistance [31, 32,
37], as in Equation (15). In each fracture extension step,
FPZ ahead of the mixed-mode (I-II) fracture tip is the dom-
inant fracture propagation path, and the real fracture surface
stably generates in FPZ. Therefore, FPZ length is the fracture
propagation distance in each crack extension step.

DF r, lð Þ = Rd r, lð Þ = 3L rð Þ − 2lð Þl2� �
6L2 rð Þ� � FPZ development,

DF r, að Þ = RF r, að Þ = 1
2
real fracture propagation,

8>>><
>>>:

ð15Þ

where DF is the driving force. As presented in Equation (15),
once the FPZ develops completely, the fracture resistance
Rdðr, lÞ will reduce to RFðr, aÞ, and the real fracture surface
begins to generate in FPZ. Given the above discontinuity of
fracture resistance, the driving force should reduce from DF
ðr, lÞ to DFðr, aÞ as in Equation (15), keeping the balance
between the driving force and the fracture resistance. The
overlapped driving force and resistance curve are shown in
Figure 5.

As shown in Figure 5, the negative horizontal axis indi-
cates the FPZ development, where the reduction of l − L rep-
resents FPZ propagation ahead of the mixed-mode (I-II)
fracture. The positive horizontal axis means the real fracture
extension (Δa). Under different quasistatic loading rates,
Figure 5 shows that only the fracture resistance in FPZ devel-
opment is rate-dependent; in contrast, the generation of real
fracture surfaces after FPZ completely developing is constant.
Therefore, the resistance curves at different quasistatic load-
ing rates overlap with the increment of real fracture surfaces.

At different quasistatic loading rates, the stable propaga-
tion of the mixed-mode (I-II) fracture divides into four
stages. Take the overlapped curves of driving forces and frac-
ture resistances at a loading rate of 2mm/min as an example.
(1) Stage A-B represents the FPZ (FPZ1) development, where
points A and B represent the initial and completed develop-
ment of the tensile FPZ (FPZ1) ahead of the mixed-mode
(I-II) fracture tip. (2) Stage B-C indicates the transition from
FPZ (i.e., cohesive crack) development to the real fracture

generation. More specially, when the fracture resistance
reaches point C, the real fracture of a unit area generates,
and the fracture resistance sharply decreases. To maintain
the fracture propagates stably, the driving force should
reduce from point A to point B, consistent with the fracture
resistance. Since FPZ1 grows completely, a new FPZ (FPZ2)
starts to develop at the tip of FPZ1, i.e., the cohesive crack
tip perpendicular to the maximum tensile stress. (3) Stage
C-D delineates the stable propagation of a real fracture.
When Δa attains to L, FPZ develops to be a real fracture sur-
face, and FPZ2 grows completely along a new direction. Since
the FPZ length is a material property at a constant loading
rate, the length of FPZ1 is equal to FPZ2.

Note that the deflecting propagation of the mixed-mode
fracture will repeat stage C-D once the real fracture length
exceeds L. Namely, the stable deflecting propagation follows
step-by-step and polyline-mode. The propagation distance
in each step is the rate-dependent FPZ length of the mixed-
mode (I-II) fracture.

2.2.2. Rate-Dependent Unstable Propagation and Arrest of the
Mixed-Mode (I-II) Fracture. Usually, the increasing real
fracture length tends to improve the driving force [38],
which will increase the difficulty of keeping the balance
between the driving force and the fracture resistance dur-
ing mixed-mode (I-II) fracturing. Therefore, the fracture
tends to propagate unstably once the FPZ develops
completely. In this part, the rate-dependent unstable prop-
agation and arrest of the mixed-mode (I-II) fracture will
be analyzed.

When the fracture length increases and the driving force
has no sufficient time to unload, the driving force will be
larger than the fracture resistance, which will lead to the
unstable propagation of the mixed-mode (I-II) fracture
(Equation (16)). Once the fracture propagates unstably, the
kinetic energy (Equation (17)) generates and drives the frac-
ture extension [37], though the driving force is less than frac-
ture resistance (Equation (16) and Equation (18)). Once the
fracture resistance depletes the kinetic energy (Equation
(19)), the unstable fracture will stop extending (i.e., fracture
arrest). Consequently, the kinetic energy (driving force
minus resistance, such as the integrated area of SBCHE and
SGCHF in Figure 6) of unstable fracture propagation can be
regarded as another type of driving force. The above unstable
propagation of mixed-mode (I-II) fracture will be illustrated
in detail in Figure 6, a simplified schematic diagram of FPZ
development, unstable fracture propagation, and fracture
arrest at different loading rates.

DF r, lð Þ = Rd r, lð Þ = 3L rð Þ − 2lð Þl2� �
6L2 rð Þ� � stable development of FPZ,

DF r, að Þ > RF r, að Þ = 1
2
unstable propagation of the real fracture,

DF r, að Þ < RF r, að Þ = 1
2
fracture arrest,

8>>>>>>>><
>>>>>>>>:

ð16Þ
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Ekin =
ða0+Δa1
a0

DF r, að Þ − RF r, að Þ½ �da, ð17Þ

where Ekin is the kinetic energy due to unstable fracture prop-
agation, a0 the initial real fracture length, and Δa1 the unsta-
ble propagation distance of the real fracture under
DFðr, aÞ > RFðr, aÞ.

Earr =
ða0+Δa1+Δa2
a0+Δa1

RF r, að Þ −DF r, að Þ½ �da, ð18Þ

where Earr is the depleting energy of fracture arrest and Δa2 is
the unstable propagation distance of the real fracture under
arrest process.

Ekin = Earr: ð19Þ

The unstable propagation and arrest of the mixed-mode
(I-II) fracture are mainly due to the fracture resistance dis-
continuity between the FPZ development and the real frac-
ture generation. More specially, as shown in Figure 6, when
the overlapped driving force and fracture resistance reach
point B, FPZ develops completely, and the real fracture sur-
face begins to generate. With the increment of loading rates,
the fracture resistance discontinuity, such as the segment B-C
and the segment G-C, presents more remarkably. Based on
this, usually, the driving force is hard to decrease in time
and keep balance with the sharply reduced fracture resistance

[37]. Therefore, the mixed-mode (I-II) fracture tends to
propagate unstably, which is more remarkable at the high
loading rate. Once the balance between the driving force
(segment B-E and segment G-F in Figure 6) and the fracture
resistance (segment C-H in Figure 6) is broken, the fracture
begins to propagate unstably. Then, kinetic energies generate
and can be delineated by the integrated area (Equation (20))
of SBCHE and SGCHF (Figure 6). Based on the previous investi-
gation [38], unloading occurs with the sudden generation of
real fracture surfaces, and driving forces will decrease less
than the fracture resistance. For instance, segments E-J and
F-J correspond to the decreased driving fore at loading rates
of 2mm/min and 0.02mm/min, respectively. The rate-
dependent fracture unstable propagation begins to arrest
when the driving force is less than fracture resistance. Until
Earr depletes Ekin (Equations (17)–(19)) at different loading
rates, the mixed-mode (I-II) fracture arrests completely.
More specifically, as shown in Figure 6, at the loading rate
of 0.02mm/min, when SHJKI (Earr) is equal to SGCHF (Ekin),
fracture arrests completely. Similarly, at the loading rate of
2mm/min, the arrest of the unstable propagation of the
mixed-mode (I-II) fracture should fulfill SHJNM = SBCHE.
Then, the fracture will propagate along a new direction in
the next step, repeating the driving force evolution of seg-
ment ABEJKN (at 2mm/min) and segment PGFJN (at
0.02mm/min), i.e., the cycle of FPZ development, unstable
fracture propagation, and fracture arrest.

The above analyses indicate Ekin at the high loading rate
is larger than that at the low loading rate. Namely, the
increased loading rate will aggravate the unstable fracture
propagation. As shown in Figure 6, ðaJK + aKNÞ at a high
loading rate of 2mm/min is remarkably longer than aJK at
a low loading rate of 0.02mm/min.

2.2.3. Comparison between the Rate-Dependent Stable and
Unstable Propagation of the Mixed-Mode (I-II) Fracture. As
shown in Figure 7, both the stable and unstable deflecting
propagations of the mixed-mode (I-II) fracture follow step-
by-step and polyline-mode (HF propagation trajectory pre-
sents a polyline shape). With the increment of loading rate,
the discontinuity of fracture resistance corresponding to the
completed development of FPZ increases significantly, which
extends the propagation distance in each extension step of
mixed-mode (I-II) fracturing. The velocities (about 0.38
sound velocity at this material) of fracture unstable propaga-
tion and arrest are significantly faster than that at quasistatic

propagation conditions [37]. Therefore, the propagation
distance of the mixed-mode (I-II) fracture at each exten-
sion step is remarkably longer than the FPZ length (i.e.,
the stable fracture propagation distance in each step), as
shown in Figure 7.

Based on the above theoretical analyses, the propagation
distance of mixed-mode (I-II) fracture in each extension step
will determine the fracture deflecting propagation trajectory,
regardless of fracture stable or unstable propagation. The
detailed analyses will present in Section 3.

3. Injection Rate-Dependent Deflecting
Propagation Rules of the Hydraulic Fracture

The injection of fracturing fluid is the loading approach of
hydraulic fracturing. Based on the proposed rate-dependent
mixed-mode (I-II) fracture model; in this section, we will
propose the injection rate-dependent (IRD) HF deflecting
propagation modes.

Ekin =
ða0J
0

DF 2, að Þ − RF 2, að Þ½ �da = SBCHE = Eres =
ðaJK+aKN
a0J

RF 2, að Þda = SHJNM high loding rate,

Ekin =
ða0J
0

DF 0:02, að Þ − RF 0:02, að Þ½ �da = SGCHF = Eres =
ðaJK
a0J

RF 0:02, að Þda = SHJKI low loading rate:

8>>>><
>>>>:

ð20Þ
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As shown in Figure 1(b), for the microelement of the
deflecting HF oblique to the principal stresses, the in situ
stresses provide the normal stress (closing the fracture sur-
face) and the shear stress. Once the pressure (p) of fracturing
fluid inside the fracture surface offsets the normal closing
stress and reaches the critical cohesive tensile strength, the
tensile FPZ and real fracture surface propagate in sequence
at the mixed-mode (I-II) cohesive crack tip (the tip of a
completely developed FPZ in the last extension step). Note
that based on the maximum tangential stress criteria [9, 31,
32], the fracture initiation direction depends on the ratio of
tensile stress intensity factor to shear stress intensity, i.e., K I
/K II, at both the real and nominal crack (such as cohesive
crack) tips. Consequently, the fracture propagation direction
at each step is independent of the fracture length [3, 9]; i.e.,
the deflecting angle changes barely at each fracture propaga-
tion step. Furthermore, the HF deflecting trajectory is depen-
dent on the fracture propagation distance in each step. The
longer the fracture propagation distance in each step is, the
larger the HF deflecting radius is. In the next context,
we will analyze the injection rate-dependent HF stable
and unstable deflecting propagations, respectively. As this
research focuses on the rate-dependent mixed-mode (I-II)
fracturing behavior of HF deflecting propagation, the flow
and seepage characteristics of the fracturing fluid are not
the goal of this work.

3.1. Injection Rate-Dependent HF Stable Deflecting
Propagation Mode. As shown in Figure 8, β is defined as
the angle between the prefabricated fracture (formed by
directional slotting or directional perforating) and the direc-
tion of minimum in situ stress (σ3). Considering that the in
situ stresses, β and deflecting angle in each step are constant,
the overlapped driving force and fracture resistance during
stable fracture propagations follow the evolution law as in
Figure 5 at different loading rates. The fracture extension dis-
tance in each propagation step is consistent with the FPZ
length.

Figures 8(a) and 8(b) show that the HF deflecting trajec-
tory or deflecting radius is significantly increased with the
rising fluid injection rate, which is due to the extended FPZ
length at the fast fluid injection. In detail, under the fracture
stable propagation condition, the real fracture stably gener-
ates along the FPZ. Thus, the FPZ length is the HF deflecting
propagation distance in each step. When the HF deflecting
propagation steps are constant, the increased FPZ length at
high injection rates will raise the HF deflecting propagation
trajectory, i.e., the HF deflecting propagation radius. By anal-
ogy, the turning radius of a car depends on the length of the
body. To better interpolate the HF stable deflecting propaga-
tion rule, the HF stable deflecting propagation trajectory is
similar to a car turning. The turning radius is dependent on
the car body length, which is corresponding to the FPZ
length of HF stable deflecting propagation. In this work, the
HF stable deflecting propagation modes at the low and high
injection rates are defined as mode 1-1 and mode 1-2, as
shown in Figures 8(a) and 8(b).

3.2. Injection Rate-Dependent HF Unstable Deflecting
Propagation Mode. As mentioned above, when the mixed-
mode (I-II) crack propagates unstably in each step, the exten-
sion distance of the real fracture is supposed to be longer than
that of stable fracture propagation due to the high velocity
[37] of the unstable fracture propagation. Consequently,
under the constant loading rate, the HF deflecting extension
distance during unstable propagation and arrest in each step
(Figures 8(c) and 8(d)) will be much longer than that of stable
fracture propagation (Figures 8(a) and 8(b)).

Based on the evolution rule of the unstable fracture prop-
agation and arrest as in Figure 6, the fracture resistance dis-
continuity of FPZ developing to be a real fracture surface is
increased with the rising loading rate, such as the segment
BC and segment GC in Figure 6. The increasing resistance
discontinuity (from FPZ development to real fracture gener-
ation) with a rising loading rate will improve the kinetic
energy of HF unstable propagation. Then, the distance of
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HF unstable propagation will increase in each deflecting
extension step (Figures 8(c) and 8(d)), driven by the
increased kinetic energy. Consequently, within the limited
extension steps, the deflecting HF will extend over a longer
deflecting distance or a larger deflecting radius at a high
injection rate. The deflecting HF tends to propagate along
the designed initial fracture direction, such as Figure 8(d).
At low and high fluid injection rates, the unstable propaga-

tion and arrest of the deflecting HF are defined as mode 2-1
(Figure 8(c)) and mode 2-2 (Figure 8(d)), respectively.

Figure 8 indicates that deflecting HF oblique to the in situ
stresses tends to propagate along the initial fracture direction
under mode 2-2; i.e., deflecting HF propagates unstably at
high fluid injecting rates. In contrast, deflecting HF is hard
to maintain the initial fracture direction under stable propa-
gation at a low injection rate, such as mode 1-1.
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4. Experimental Validations of the Theoretical
IRD HF Deflecting Propagation Mode

In this section, the IRD HF deflecting propagation mode
mentioned above will be validated by the published physical
simulations [8–39] of hydraulic fracturing.

4.1. Validations of the Step-By-Step Propagation of the
Hydraulic Fracture. The HF deflecting extension modes in
Section 3 are proposed on the premise of the HF step-by-
step propagation, whether the mixed-mode (I-II) fracturing
is stable or unstable. As mentioned above, the fracture type
is tensile ahead of the mixed-mode (I-II) fracture tip at differ-
ent quasistatic loading rates. In this part, the tensile propaga-
tion characteristics (published by Yang et al. 2017 [39]) of the
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Table 1: Experimental programs of deflecting propagation of
hydraulic fracture.

Group

Principal
stresses
(MPa)

The angle between
prefabricated crack and σh

(°)

Fluid injection
rate (ml/s)

σv σH σh
1 10 9 6 45 1.0

2 10 9 6 45 1.5

3 10 9 6 45 5.0
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hydraulic fracture, detected with Fiber Bragg Grating (FBG),
are employed to validate the step-by-step extension of the
proposed IRD HF propagation mode.

Yang et al. [39] prefabricated three FBG sensors along the
hydraulic fracture propagation path in the artificial concrete
specimen, as shown in Figures 9(a) and 9(b). FBG sensors
were used to identify the opening width (represented by the
strain) and propagation rate of the hydraulic fracture in real
time. The triaxial confining stress applied to the specimen is
9MPa (σ3), 15MPa (σ2), and 17MPa (σ1). The initial frac-
turing direction was perpendicular to the minimum principal
stress at the center of the sample (Figure 9(b)). The fracturing
fluid with a viscosity of 107mPa·s was injected with a low rate
of 2ml/min, driving the hydraulic fracture propagation. The
red dye was added to the fracturing fluid to identify the
hydraulic fracture surface (Figure 9(b)). Based on the previ-
ous investigations [5, 8, 26], the red dye changes the fractur-
ing fluid very slightly, and adding guar gum is the remarkable
and widely used approach for increasing the fracturing fluid
viscosity. Since this work mainly investigates the effect of

fluid injection rate on fracture deflecting propagation, the
relationship between fracturing fluid properties and hydrau-
lic fracture propagation is not the goal of this work and will
not be discussed in detail in this work. The geometry of the
hydraulic fracture is approximately elliptical, as shown in
Figure 9(b). The responses of injection pressure and FBG-
based strain characterize the hydraulic fracture propagation.
In detail, the injection pressure gradually rises and fluctuates
(Figure 9(c)). Each time the injection pressure reaches the
peak, then the injection pressure decreases rapidly, corre-
sponding to the FBG-based strain of quick rising to the peak
and then sharp dropping. As the fluid injection pressure can
be regarded as the driving force of HF propagation, the sharp
decrement of the injection pressure is corresponding to the
driving force discontinuity as in Figures 5–6. The fluctuation
intensity of the injection pressure curve is consistent with
that of the FBG strain, which indicates the sharp fluctuation
of injection pressure is supposed to be an index for qualita-
tive characterizing HF extension distance in each step. The
sequential responses of FBG sensors A, B, and C indicate
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Figure 10: Injection pressure curves and deflecting HF geometries at different injection rates (replotted based on the experimental results of
Lin et al. [8]): (a) 1.0ml/s; (b) 1.5ml/s; (c) 5.0ml/s.
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the HF extension distance in each step is about 10~20mm, at
an injection rate of 2ml/min. The above synchronous fluctu-
ations of injection pressures and FBG-based strains validate
that the HF propagates step-by-step (i.e., intermittently).

4.2. Validations of the Injection Rate-Dependent HF
Deflecting Propagation Modes. In Section 4.1, the step-by-
step propagation characteristics of the hydraulic fracture
have been validated. On this basis, the injection rate-
dependent HF deflecting propagation modes based on the
proposed rate-dependent mixed-mode (I-II) fracturing
model will be validated in this section, with the HF deflecting
propagation tests published by Lin et al. [8].

Lin et al. [8] prepared the cube artificial concrete speci-
mens (dimensions: 300mm × 300mm × 300mm) to conduct
hydraulic fracturing tests. At the center of the specimen, the
initial crack with a 45° inclination angle to the minimum
principal stress was prefabricated to make the hydraulic frac-
ture deflecting propagation. The water with red dye was
employed as the fracturing fluid. The red dye changes the
fluid viscosity slightly, as indicated by the previous investiga-
tions [5, 8, 26]. Since the relationship between fracturing
fluid properties and hydraulic fracture propagation is not
the goal of this work, the effect of fracturing fluid properties
on hydraulic fracture propagation will not be discussed in
detail. The fracturing fluid was injected at different loading
rates (1.0ml/s, 1.5ml/s, and 5.0ml/s) to drive the deflecting
hydraulic fracture extending. The experimental programs
are shown in Table 1.

The HF geometries and injection pressures are presented
in Figure 10. With the injection rate increasing from 1.0ml/s
to 5.0ml/s, the fluctuation characteristics of the injection
pressure curve present more and more significance. Given
the fluctuation consistency of the injection pressures and
the FBG-based strain (an index of HF opening width) as in
Figure 9(c), the aggravated fluctuation of the injection
pressure (Figure 10) is proportional to the HF propagation
distance in a step; i.e., deflecting HF tends to unstable
propagation and arrest after FPZ develops completely.
Therefore, the extension distance of the deflecting HF in
each step is increased with the rising injection rate; fur-
thermore, the HF deflecting propagation at the injection
rate of 5ml/s is more in accord with the mode 2-2 as in
Figure 9(d).

We compare the HF deflecting propagation trajectories
(Figure 10) at different loading rates, as in Figure 11. With
the injection rate increasing from 1.0ml/s to 5.0ml/s, the
HF deflecting extension distance or radius increases signifi-
cantly; i.e., the deflecting hydraulic fracture tends to propa-
gate along the initially designed direction. Figures 10 and
11 indicate that the deflecting HF propagation mode follows
the evolution of mode 1-1→mode 1-2→mode 2-1→mode 2-
2 (Figure 8) with the fluid injection rate increasing, and the
fast fluid injection tends to drive the deflecting propagating
along the initially designed direction.

The above experimental results (Figures 10 and 11) are
consistent with the theoretical IRD HF deflecting propaga-
tion mode (based on the proposed rate-dependent mixed-
mode (I-II) fracture model of rock-like materials).

Injection rate: 5.0 ml/s

Injection rate: 1.0 ml/s

Injection rate: 1.5 ml/s

𝜎1 𝜎1

𝜎3

𝜎3

Figure 11: The comparison of the HF deflecting propagation trajectories at different loading rates.
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5. Discussion

This work theoretically investigated the injection rate-
dependent deflecting propagation rule of hydraulic fracture,
insights from the rate-dependent FPZ of mixed-mode (I-II)
fracturing. We can qualitatively determine the key mecha-
nism that the increasing FPZ length and the kinetic energy
at high loading rates would improve the deflecting HF prop-
agation distance in each extension step. Then the deflecting
trajectory or the deflecting radius of the hydraulic fracture
can be increased with the rising injection rate, such as the
mode 2-2 in Figure 8. The above theoretical investigations
can provide references for field applications in mining and
oil-gas reservoir stimulations. (1) For hard roof weakening
in mines, increasing the fluid injection rate can improve
hydraulic fracture directional propagation along the designed
direction, weakening the effect of disturbance stresses on the
HF deflecting propagation. Then, the dynamic disaster such
as the sudden collapse of the hard roof can be effectively pre-
vented. (2) For oil/gas exploitation, rising injection rate can
enhance the HF deflecting radius (i.e., type-S hydraulic frac-
ture trajectory) of directional perforation hydraulic fracturing.
Then the reservoir stimulation volume and the permeability
can be improved.

The proposed rate-dependent mixed-mode (I-II) fracture
model also has limitations. The fluid-solid coupling of
hydraulic fracturing was not included in the rate-dependent
mixed-mode (I-II) cohesive crack model proposed in this
work. Therefore, the proposed model cannot characterize
the injection rate-dependent HF deflecting propagation tra-
jectory quantitatively. However, this work can provide refer-
ences for the deep investigation of the injection rate-
dependent hydraulic fracturing model.

6. Conclusions

(1) Given the increased length of the tensile FPZ ahead of
the mixed-mode fracture tip at different loading
rates, the rate-dependent mixed-mode (I-II) cohesive
fracture model was proposed

(2) Based on the proposed model, the model-based rate-
dependent stable and unstable propagation of mixed-
mode (I-II) fractures were analyzed. Both the stable
and unstable fracture deflecting propagations follow
step-by-step and polyline-mode. Under stable frac-
ture propagation, the propagation distance in each
step is the rate-dependent FPZ length of the mixed-
mode (I-II) fracture, and the FPZ length is increased
with the increasing quasiloading rate. Under the
unstable fracture propagation, the discontinuity of
fracture resistance corresponding to the completed
development of FPZ increases significantly with the
rising loading rate. Due to the above rising disconti-
nuity of fracture resistance at high injection rates,
the fracture extension distance of unstable propaga-
tion and arrest is improved in each extension step
during mixed-mode (I-II) fracturing

(3) The injection rate-dependent HF deflecting propaga-
tion modes were proposed. The rising fluid injection
rate significantly increases the HF deflecting trajec-
tory or deflecting radius, which is due to the
increased HF propagation distance in each step. As
the unstable fracture propagation velocity is signifi-
cantly higher than that of stable propagation, the
propagation distance of the deflecting HF in each
extension step will be remarkably extended during
the unstable propagation and arrest of the mixed-
mode fracture. Therefore, the deflecting HF tends to
propagate along the initially designed direction under
unstable propagation conditions at high loading rates

(4) The model-based injection rate-dependent step-by-
step deflecting propagation of the hydraulic fracture
was validated by further processing of published
true triaxial physical simulation tests of hydraulic
fracturing. Furthermore, suggestions for controlling
deflecting HF in field applications with the injection
rate were discussed. The high injection rate can be
employed to increase the deflecting trajectory or
the deflecting radius of the hydraulic fracture. On
this basis, the injection rate-dependent HF deflect-
ing propagation rule can provide a basis for weak-
ening the hard roof in mines with directional
hydraulic fracturing and improving the stimulation
volume of the type-S hydraulic fracture in the oil/-
gas reservoir

Nomenclature

FPZ: Fracture process zone
HF: Hydraulic fracture
IRD: Injection rate-dependent
XFEM: Extended finite element method
COD,w: Crack opening displacement (μm)
CTOD,wc: The crack tip opening displacement

(μm)
σn: Normal stress for closing HF (MPa)
τsn: Shear stress of deflecting HF (MPa)
p: Fluid injection pressure of hydraulic

fracturing (MPa)
σc: Cohesive stress (MPa)
σt: Cohesive tensile strength (MPa)
wcmax: Critical COD (μm)
Gf : Dissipated energy (MPa·mm2)
GF: Cohesive fracture energy (MPa·mm2)
Gd: Fracture resistance during the cohe-

sive crack extending (MPa·mm2)
GD: Fracture resistance of FPZ develop-

ing completely (MPa·mm2)
L: The completely developed FPZ

length (mm)
l: The length of a developing FPZ

(mm)
y1: The axis along FPZ develop direction

(mm)
r: Loading rate (MPa/s, mm/min, etc.)
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Rd, RD: Rate-dependent fracture resistance
indexes corresponding to the devel-
oping and completely developed FPZ
length (mm)

RF: Rate-dependent fracture resistance
index corresponding to the real frac-
ture length (mm)

a: Real fracture length (mm)
DF: Driving force corresponding to the

FPZ length and the real fracture
length (mm)

Ekin: Kinetic energy due to unstable frac-
ture propagation (mm2; the unit is
consistent with the integral area in
the fracture resistance curve, as in
Figure 6)

Earr: The depleting energy of fracture
arrest (mm2; the unit is consistent
with the integral area in the fracture
resistance curve, as in Figure 6)

a0: Initial real fracture length (mm)
Δa1: The unstable propagation distance of

the real fracture (mm)
Δa2: The unstable propagation distance of

the real fracture under arrest process
(mm)

β: The angle between the prefabricated
fracture and the direction of mini-
mum in situ stress (°)

K I/KII: The ratio of tensile stress intensity
factor to shear stress intensity (unit)

σ3: Minimum principal stress (MPa)
σ2: Intermediate principal stress (MPa)
σ1: Maximum principal stress (MPa)
step-by-step stable
propagation mode:

At each fracture propagation step,
the fracture extension is stable; i.e.,
driving force equals fracture
resistance.

step-by-step unstable
propagation mode:

At each fracture propagation step,
the initial fracture propagation state
is unstable; i.e., the driving force is
higher than the fracture resistance.
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