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To explore the penetration and diffusion law in coal and rock fractures when inorganic solidified foam (ISF) is used to prevent coal
fire, the penetration experiment was conducted; the results showed that the penetration pressure fluctuates within a certain range
and decreases with the diffusion distance. In the𝑋𝑌 plane, the diffusion pattern presents an ellipsoid shape, and the diffusion area
becomes increasingly large over time; in the 𝑋𝑍 plane, the foam fluid penetration changes from dense to loose in the 𝑋 direction
and it does not undergo downward penetration and diffuses via its own weight in the 𝑍 direction; in the 𝑌𝑍 plane, it is loose on
the left and dense on the right. The viscosity of ISF was tested and then the time-varying formula was fitted. The formula of the
effective diffusion radius for foam fluid diffusing in the fracture channel was determined theoretically. The permeability coefficient
and other related parameters were calculated in terms of the penetration pressure and diffusion time of two monitoring points. At
last, the prediction formula of effective diffusion distance of foam fluid was verified with the remaining seven monitoring points
and all the relative error of monitoring is within 10%.

1. Introduction

Continuous oxygen is one of the essential conditions for
spontaneous combustion of a coal seam [1, 2]. Mine fire
or coal fires are induced by the air leakage passages that
provide oxygen for loose coal [3]. However, the fracture
channels of the fire area are often complex and crisscross
each other, even extending to the high places. In recent years,
increasing numbers of scholars began to study foam sealing
materials, both at home and abroad, because such materials
can diffuse and accumulate in the high fractures and provide
stereoscopic covering. The materials of inert gas bubble [4],
inhibitor foam [5, 6], gel foam [7–10], three-phase foam [11–
13], and foamed grout [14–16] are the primary foammaterials
used for a coal fire. Each of the above-mentioned materials
has its own advantages and disadvantages.

To address the disadvantages of the above-mentioned
materials, we performed research on ISF fire-fighting tech-
nology [17]. ISF can solve the problems of cooling, plugging,
insulation, and compressive strength. The fresh state of ISF
(foamfluid) can accumulate to a high position as well as cover
and cool high temperature coal. Simultaneously, ISF has good
insulating ability, thermal stability, and adjustable coagula-
tion time [18]. When it is solidified, ISF has high porosity
and compressive strength. The injection of ISF is a very
complicated process. To ensure that the foam fluid effectively
reaches the coal fire area and seals the fractures, it is necessary
to conduct research on the penetration and diffusion laws of
the injection process. However, because the injection of ISF is
a processwith strong concealment, it is difficult to obtain fluid
mechanics parameters and collect internal migration images
of the foamfluid itself inside the loose coal and rock fractures.
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Figure 1: The test system.

In previous studies, a similar, complex model worked
out by Gustafson and Stille for predicting grout penetration
in real rock was examined by Fujita et al. considering 1D
condition [19, 20]. The latter also reviewed various other
grout penetration models developed and used in Japan and
elsewhere. Yang et al. investigated the rheological properties
of cement grouts with different water cement ratios and their
flow in fractures [21]. The present study deals with some of
these issues anddescribes and discusses theoretical grout flow
models for predicting flow into plane-parallel fractures of
candidate cement grout materials that behave as Bingham
fluids under static pressure and as Newton liquids under
oscillatory pressure. However, little attention has been paid
to the penetration characteristics of foam fluid in the rock
fractures [22].Therefore, its flowing diffusion range, stacking
height, and influence factors have not been well understood
which causes its blind application in fire controlling. To
deal with this problem and provide basis for the design
parameters of ISF, this paper puts forward a perfusion
experiment of ISF in a fractured rock model that was built
according to the site application conditions in Luwa coalmine
through actually detecting some of the key parameters of the
hydrodynamics of a foam fluid in the fractures, identifying
the relationship of various factors in the process of injection,
and then summarizing the penetration and diffusion laws of a
foam fluid inside the fractures. Combined with the diffusion
morphological image of the foam fluid in different directions,
the diffusion regularity of the foam fluid is deduced.

2. Experimental Procedures

2.1. The Test System. The whole test system (Figure 1) is
divided into three parts: elevating perfusion apparatus, frac-
tured rockmodel, andmonitoring system.The fractured rock

model consists of a loose coal pillar with the porosity of 0.15
and the surrounding gob with the porosity of 0.35. The ISF
was prepared by the system composed of a foam generator
and a self-made mixer. The prepared foam fluid was lifted in
an elevating perfusion apparatus, which can cause the foam
to flow with a certain pressure head, thereby enabling the
fracture rock model to be infused. The main steps of model
test are as follows. First, build the similarity model according
to the design requirements of filling mediums, and then bury
the tiny earth pressure gauges in the process of layering.
Second, connect the monitoring equipment; debug the high-
speedmotion analyser and the static strain gauge.Third, pour
the prepared ISF fluid into the fractured rock model using a
designed outlet pressure based on the regulating lifting height
of the elevating perfusion apparatus. Four, record the real-
time diffusion image and the pressure data from the detector,
and then analyse and determine the penetration and diffusion
laws combined with the viscosity parameters of the ISF fluid.
The interfacemicrostructure was investigated using scanning
electron microscopy (SEM) (FEI Quanta TM 250 SEM
system) with the size of the test specimen being a 10mm ×
10mm × 10mm prism.

2.2. Arrangement of the Testing Points for Penetration Pressure
Monitoring. There are ten tiny earth pressure gauges buried
in the fractured rock model. The coordinates of the testing
points are listed in Table 1.

In the injection process of ISF, the penetration pressure
of the foam fluid in the fracture channels can be monitored
by the tiny earth pressure gauges embedded in the fractured
rock model. The data collection interval is two seconds.
The penetration test ends after all the penetration pressure
monitoring data have been collected; the whole experiment
takes approximately 15 minutes to complete. The size of the
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Table 1: Coordinates of the monitoring points.

Number of the tiny
earth pressure gauges

𝑋 coordinate
(mm)

𝑌 coordinate
(mm)

𝑍 coordinate
(mm)

1# 0 0 300
2# 232 93 250
3# 250 0 250
4# 232 −93 250
5# 464 186 200
6# 500 0 200
7# 464 −186 200
8# 696 279 100
9# 750 0 100
10# 696 −279 100

Table 2: Offered parameters of the 0.1MPa tiny earth pressure
gauges.

Number of the tiny
earth pressure gauges

Offered parameters
𝑎 𝑏

1# −0.80875 0.06873
2# −1.58700 0.05042
3# −1.44946 0.05691
4# −1.22361 0.05934
5# −0.92195 0.06540
6# −1.43612 0.06260
7# −1.02616 0.06676
8# −0.34060 0.08350
9# −1.11560 0.06587
10# −1.02340 0.06231

tiny earth pressure gauge is 15mm (diameter) × 6.4mm
(thickness),maximummeasurement value is 0.1Mpa, and the
accuracy is±1.0%F.S.The computation formula betweenfluid
penetration pressure and dependent variable is as follows:

𝑃 = 𝑎 + 𝑏𝜀. (1)

In formula (1), 𝑃 is the value of penetration pressure, kPa;𝜀 is the dependent variable, ×10−6𝜀; 𝑎 and 𝑏 are the offered
parameters. After calibrating the foam fluid, the determined
offered parameters are listed in Table 2.

3. The Test Result Analysis

3.1. The Penetration Pressure Analysis. According to the
offered parameters of the 0.1MPa tiny earth pressure gauges
shown in Table 2, the penetration pressure of foam fluid can
be calculated. The pressure values over time are shown in
Figures 2 and 3.

From Figures 2 and 3, overall, the 1#∼10# monitoring
point data fluctuates up and down within a certain range.

1#
2#

3#

4#

5#

t1 = 0 s

t3 = 120 s

t2 = 160 s

t4 = 144 s

t5 = 382 s

0 200 800100 500 600 700300 900400

Time (s)

8

9

10

11

12

13

14

15

16

17

18

19

20

Pe
ne

tr
at

io
n 

pr
es

su
re

 (K
pa

)
Figure 2: The change of penetration pressure over time from
monitoring points 1#–5#.
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Figure 3: The change of penetration pressure over time from
monitoring points 6#–10#.

In addition to the 1# monitoring point (the injection inlet),
overall, the monitoring points are divided into three groups:
the first group contains the 2#, 3#, and 4# monitoring points,
the second group consists of the 5#, 6#, and 7# monitoring
points, and the third group is composed of the 8#, 9#,
and 10# monitoring points. With the increase of diffusion
distance, the penetration pressure decreases, in agreement
with the traditional grouting penetration diffusion law. The
penetration pressure of the 1# monitoring point fluctuates
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with the value of 16.37 kPa, which was obtained from the
beginning.The first group of 2#, 3#, and 4#monitoring points
was buried separately within the loose coal pillar, the centre
line, and the surrounding gob. The penetration diffusion
distance of the 2#, 3#, and 4# monitoring points is 255mm,
250mm, and 255mm, respectively. The 3# monitoring point
first collects the penetration pressure at the moment of 120 s,
and the 2# monitoring point and 4# monitoring point collect
the penetration pressure at the moment of 160 s and 144 s,
respectively. This phenomenon occurs primarily because the
porosity of loose coal pillar is smaller than the surrounding
gob, and the frictional resistance loss in the fracture channel
is high. As a result, under the condition of the same 255mm
diffusion distance, it takes a longer time for the foam fluid to
diffuse to the 2# monitoring point. In addition, the average
penetration pressure of the 2# monitoring point is 13.13 kPa,
which is smaller than the average penetration pressure of the
3# monitoring point (14.97 kPa) and the average penetration
pressure of the 4# monitoring point (14.36 kPa). The set of
5#, 6#, and 7# monitoring points is buried in the same
manner as the first group of 2#, 3#, and 4# monitoring
points.The 5#, 6#, and 7#monitoring points are located along
the centre line, the loose coal pillar, and the surrounding
gob, and the corresponding diffusion distance is 510mm,
500mm, and 510mm, respectively. As the first group of data,
the 6# monitoring point in the centre line first collected
the penetration pressure at the moment of 324 s, with the
average penetration pressure value of 11.94 kPa. Next is the
7# monitoring point arranged in the goaf at 364 s, with the
average penetration pressure value of 10.72 kPa. Finally, the
5# monitoring point in the loose coal pillar collects the
penetration pressure at the time of 382 s: the average value
of penetration pressure is 10.05 kPa.

The penetration diffusion time and the penetration pres-
sure relationship of the third group of monitoring points
8#, 9#, and 10# are similar to those of the first two groups.
The 8#, 9#, and 10# monitoring points’ penetration diffusion
distances are 776mm, 750mm, and 776mm, respectively.
The 9# monitoring point in the centre line first detected the
penetration pressure with the value of 7.63 kPa at themoment
of 644 s. Subsequently, the 10# monitoring point arranged in
the goaf detected the penetration pressure at 712 s: the average
penetration pressure value is 5.98 kPa. Finally, the 5# moni-
toring points in the loose coal pillar detected the penetration
pressure at 734 s: the average value is 5.52 kPa. Although the
penetration diffusion distance difference of the three groups
is approximately 250mm, the penetration diffusion time and
the penetration pressure average value difference of the three
groups are increasing because the foam fluid diffuses in loose
coal and rock fracture channel with energy loss, thereby
causing the speed to be increasingly low.Therefore, under the
same penetration diffusion distance, the time required for the
latter half of the distance becomes increasingly long, and the
pressure difference becomes increasingly high.

3.2. PenetrationDiffusion ImageAnalysis. Here, the data from
the monitoring points buried within the model is analysed.
To more vividly illustrate the diffusion form of the foam
fluid, a high-speedmotion analyser was adopted in the whole

experiment; the 𝑋-𝑌 plane of the foam fluid penetration
diffusion pattern is shown in Figure 4.

From Figure 4, with the increase of diffusion time, the
diffusion form of the foam fluid in the 𝑋-𝑌 plane becomes
ellipsoidal. The diffusion velocity in the loose coal pillar
and the surrounding gob is not the same, as the diffusion
area of the foam fluid in the surrounding gob is larger than
that of the loose coal pillar. This difference is primarily
because the fracture porosity of the loose coal pillar is small,
causing the foam fluid to experience greater free diffusion
resistance. From the diffusion area size at different moments,
the diffusion area is increasing with time, but the diffusion
area of growth becomes smaller. This behaviour occurs
primarily because the foam fluid is a time-varying Bingham
fluid, resulting in the viscosity increasing from 4360MPa⋅s
at 60 s to 4451MPa⋅s at 360 s, causing the foam fluid flows to
slow. Simultaneously, with the increase of the diffusion range,
the penetration pressure drop of the foamfluid in the complex
fracture network is gradually reduced and the front diffusion
of foam fluid slows. In addition, the base material in the pore
wall of the foam fluid undergoes hydration and condensation
reactions [23, 24], thus causing the stability of the bubble to
enhance that in turn makes it difficult to change the shape
of the structure. In the SEM image obtained from the bubble
wall (Figure 5), we can observe that the rod-shaped ettringite
crystals fill the capillary pores. Surface products such as C-
S-H gel can be observed as the major ISF microstructure
component. CH as a pore product with a polycrystalline
shape is another dominant cement hydration product. The
phenomenon results in a large quantity of bubbles uniting
into a group. The bubbles in the group flow as a whole
and block each other. The fluidity of the foam fluid reduces
gradually. Figure 6 shows the condensation effect of foam
fluid in a coal and rock fracture surface after 3 hours. The
figure reveals that the foam fluid can commendably diffuse
and cover the fracture surface, and the foam can form a layer
of a certain thickness, effectively isolating the coal and oxygen
compounds.

To perform in-depth analysis of the internal penetration
diffusion of the ISF in the fractured rock model, the 𝑋𝑍 and𝑌𝑍 sections were recorded by the CCD camera, as shown in
Figures 7 and 8, respectively.

From Figure 7, in the 𝑋𝑍 penetration section, with the
increase of the penetration diffusion distance, the foam fluid
penetration in the fracture channel changes from dense to
loose in the 𝑋 direction, mainly because the penetration
pressure and the velocity of the foam fluid are high near the
perfusion inlet, thereby enabling the foam to diffuse fully.
However, the penetration pressure loss of the foam fluid is
higher when the position is further away from the perfusion
inlet. From the 𝑍 direction, the fracture penetration is fuller
at the same 𝑍 height of the perfusion inlet; the next place is
above the plane of the perfusion inlet, and the penetration
diffusion effect is the worst in the sections under the height of
the perfusion inlet. It indicates that the penetration diffusion
ability of the foam fluid is stronger in its initial direction of
velocity vector than the direction of the vector upward or
downward. Upward penetration is fuller than the downward
penetration because the peripheral interface cracks in the
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Figure 4: The penetration and diffusion form of the foam fluid in the𝑋-𝑌 plane.

process of planar penetration channels are open and the crack
channel resistance is low, indicating that the foam fluid does
not act in the same manner as normal cement slurry. This
difference in downward penetration mainly occurs because
the density of foam fluid is smaller than that of ordinary
cement, with the value being approximately 1/5 the density
of a common slurry. As a result, the gravitational effect on
the foam fluid is not obvious. Another primary factor is that
the foam fluid is composed of bubbles; as a result, adhesion
of cement and fly ash particles occurs in the bubble hole wall
or the particles exist in a foam liquid membrane to form a
skeleton, thereby preventing gravity settling of the particles.
The size of a single bubble is approximately 400 microns, and
each bubble links together, thereby causing the bubble size to
be greater than a single general cement or fly ash particle in
the slurry.

Form the penetration and diffusion in the 𝑌𝑍 section
shown in Figure 8, the left is loose and the right is dense in
the 𝑌 direction, largely because the left part is the loose coal
pillar model with the porosity of 0.15 and the right part is

the surrounding gob model with the porosity of 0.35. As the
perfusion inlet is in the cross section, the foam fluid will be
more easily diffuse into the right side with large porosity. In
the 𝑍 direction, the distribution of penetration and diffusion
is uniform, except the top with the surface penetration,
mainly because perfusion inlet of foam fluid is in the 𝑋
direction, which is vertical to the𝑌𝑍 section.The penetration
and diffusion of foam fluid in this 𝑌𝑍 section occurred when
the fracture has been blocked by the𝑋 direction penetration.
The up and down diffusion process wasmainly affected by the
width of fracture in the 𝑍 direction. Thus, in the 𝑌𝑍 plane,
the penetration and diffusion results show that the left part is
loose and right part is dense.

3.3. Penetration andDiffusion Law. In the grouting engineer-
ing field, there is a large difference for different flow patterns
of slurry diffuse in the geotechnical engineering [25–27]. To
meet the requirements of engineering, reasonable grouting
parameters for different slurrymust be determined.However,
the determination of the grouting parameters definitely



6 Advances in Materials Science and Engineering

Calcium silicate hydrate

Calcium hydroxide

Ettringite

Figure 5: SEM image obtained from the bubble wall.

Figure 6: Condensation effect of a fluid penetration diffusion front
in the coal and rock surface after 3 hours.

requires guidance fromgrouting theory.The relativelymature
diffusion grouting theory is based on the spherical, cylin-
drical, and sleeve valve pipe models [28–31]. The effective
diffusion radius formula is only applicable to a Newtonian
fluid. However, the inorganic solidified foam is a Bingham
fluid, which is a non-Newtonian fluid; as a result, such foam
cannot be modelled by the above formulas. Therefore, in
this paper, the diffusion theory of the ISF in porous media
with fracture channels is derived. As the ISF fluid diffuses
completely into the fractures channel, we assume that it is a
whole unit mass of foam fluid that reaches a certain position
along a fracture channel.Therefore, we can draw lessons from
the model of a Bingham fluid in pipe penetration [32], as
shown in Figure 9.

Assuming that the fracture radius is 𝑟0, a foamfluid unit is
taken from the centre line position of the fracture channel; its
length is 𝑑𝑙 and its radius is 𝑟.The pressure of the left and right
ends of the foam fluid unit 𝑑𝑙 is 𝑝 + 𝑑𝑝 and 𝑝, respectively.
The differential pressure is 𝑑𝑝. The shear stress around the
foam fluid unit surface by the left direction (in the opposite
direction of flow velocity) is 𝜏. Thus, we obtain the balance

Dense Loose

Figure 7: Penetration and diffusion form of the foam fluid in the𝑋-𝑍 section.

DenseLoose

Figure 8: Penetration and diffusion form of the foam fluid in the𝑌-𝑍 section.

equation for flow stress of a foam fluid unit as follows:

𝜋𝑟2𝑑𝑝 = −2𝜋𝑟𝜏𝑑𝑙. (2)

In the region of 0 ≤ 𝑟 ≤ 𝑟𝑝, the foam fluid column is
stationary relative to the adjacent layer fluid. The foam fluid
moves in a piston as a whole, and the movement velocity is
V = V𝑝. In the region of 𝑟𝑝 ≤ 𝑟 ≤ 𝑟0, the foam fluid column
is moving relative to the adjacent layer fluid. So the following
equation can be obtained:

𝑟𝑝 = −2𝜏𝑠 ⋅ 𝑑𝑙𝑑𝑝 . (3)

The basic rheological equation of a Bingham fluid slurry
[33] can be expressed as

𝜏 = 𝜏𝑠 + 𝜂𝑝𝛾. (4)

Based on (2) and (4), the following can be obtained:

𝛾 = −𝑑V𝑑𝑟 = (𝜏 − 𝜏𝑠)𝜂𝑝 = − 1
𝜂𝑝 ⋅ (

𝑟
2 ⋅ 𝑑𝑝𝑑𝑙 + 𝜏𝑠) . (5)

Consider boundary conditions 𝑟 = 𝑟0, V = 0 and then
calculate integral for both sides of (5).

∫V0

V
𝑑V = ∫𝑟0

𝑟
[ 1
𝜂𝑝 ⋅ (

𝑟
2 ⋅ 𝑑𝑝𝑑𝑙 + 𝜏𝑠)] ⋅ 𝑑𝑟 ⇒

V = − 1
𝜂𝑝 [

1
4
𝑑𝑝
𝑑𝑙 (𝑟20 − 𝑟2) + 𝜏𝑠 (𝑟0 − 𝑟)] .

(6)
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Figure 9: Schematic of the column flow of a unit of foam fluid in a fracture channel.

For 0 ≤ 𝑟 ≤ 𝑟𝑝,
V𝑝 = − 1

𝜂𝑝 [
1
4
𝑑𝑝
𝑑𝑙 (𝑟20 − 𝑟2𝑝) + 𝜏𝑠 (𝑟0 − 𝑟𝑝)] . (7)

Therefore, the flow of fracture channel per unit time is the
sum of the shear zone and the piston area, namely,

𝑄1 = 𝜋𝑟2𝑝V𝑝 + ∫𝑟0
𝑟𝑝

2𝜋𝑟V 𝑑V

= − 4𝜋𝜏2𝑠
(𝑑𝑝/𝑑𝑙)2 ⋅

1
𝜂𝑝 ⋅ [

1
4
𝑑𝑝
𝑑𝑙 (𝑟20 − 𝑟2𝑝) + 𝜏𝑠 (𝑟0 − 𝑟𝑝)]

+ ∫𝑟0
𝑟𝑝

2𝜋 ⋅ 𝑟
𝜂𝑝

⋅ [14
𝑑𝑝
𝑑𝑙 𝑟20 + 𝜏𝑠𝑟0 − 1

4
𝑑𝑝
𝑑𝑙 𝑟2𝑝 − 𝜏𝑠𝑟𝑝] 𝑑𝑟

= 2
3

𝜋𝜏4𝑠𝜂𝑝 (𝑑𝑝/𝑑𝑙) −
𝜋𝜏𝑠𝑟303𝜂𝑝 − 𝜋𝜏𝑠𝑟408𝜂𝑝 ⋅ 𝑑𝑝𝑑𝑙 .

(8)

The average flow velocity of the section of fracture
channel can be expressed as

𝑉 = 𝐾
𝛽 (−𝑑𝑝𝑑𝑙 ) [1 −

4
3 (

𝜆
−𝑑𝑝/𝑑𝑙) + 1

3 (
𝜆

−𝑑𝑝/𝑑𝑙)
4] . (9)

We make three assumptions for the penetration and
diffusion of foam fluid in the fracture channel: (1) the coal
pillar and circumferential crack area are all homogeneous and
isotropic; (2) the foam fluid is a Bingham fluid; and (3) the
spreading form of the foam fluid is spherical diffusion. In the
injection process of a foam fluid, the injection content, 𝑄,
satisfies

𝑄 = 𝑉𝐴𝑡. (10)

In (10), 𝐴 is a sphere when the foam fluid diffuses in the
fracture channel, 𝐴 = 4𝜋𝑙2; 𝑡 is the grouting time; −𝑑𝑝/𝑑𝑙 is
much larger than 𝜆 in the injection process. Thus, (9) can be
simplified as

𝑉 = 𝐾
𝛽 (−𝑑𝑝𝑑𝑙 ) [1 −

4
3 (

𝜆
−𝑑𝑝/𝑑𝑙)] . (11)

Combining (2) and (4) and then calculating the integral
for both sides of the equation, the following is obtained:

𝑝 = 𝑄𝛽
4𝜋𝑡𝐾𝑙 −

4
3𝜆𝑙 + 𝐶. (12)

Considering the boundary conditions of injecting foam
fluid (i.e., for 𝑝 = 𝑝0, 𝑙 = 𝑙0, and for 𝑝 = 𝑝1, 𝑙 = 𝑙1), the
following is obtained:

Δ𝑝 = 𝜙𝛽
3𝑡𝐾𝑙0 𝑙

3
1 − 𝜙𝛽

3𝑡𝐾𝑙21 + 4
3𝜆𝑙1 −

4
3𝜆𝑙0. (13)

Equation (13) is the calculation formula of the effective
diffusion radius for foam fluid diffusing in the fracture
channel, where Δ𝑝 is the penetration pressure difference
between two monitoring points in the fracture channel; 𝜙 is
the porosity: the porosity of coal pillar in the test model is
0.15 and the porosity of the goaf is 0.35; 𝛽 is the viscosity
ratio of foam fluid and water; 𝑡 is the grouting time; 𝐾 is the
permeability coefficient; 𝜆 is the ratio of two times the static
shear force and the fracture channel radius; 𝑙0 is the radius of
injection inlet with the value of 15mm; 𝑙1 is the penetration
and diffusion distance.

Penetration time is a major issue in the grouting of rock
fractures. The foam fluid state will be calculated as a time
function, making a distinction between flow rate control
and pressure control. The indoor environment temperature
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Table 3: Penetration pressure and diffusion time of the monitoring points.

Monitoring points 1# 2# 3# 4# 5# 6# 7# 8# 9# 10#
Average penetration
pressure (kPa) 16.47 13.13 14.97 14.36 10.05 11.94 10.72 5.52 7.63 5.98

Diffusion time (s) 0 160 120 144 382 324 364 734 644 712
Differential pressure
with 1# (kPa) 0 3.24 1.5 2.01 6.32 4.53 5.65 10.85 8.74 10.39

Viscosity of ISF fluid
(Pa⋅s) 4.360 4.370 4.360 4.365 4.451 4.448 4.454 4.557 4.523 4.548

Diffusion distance (mm) 0 255 250 255 510 500 510 776 750 776
Porosity 0.35 0.15 0.35 0.35 0.15 0.35 0.35 0.15 0.35 0.35

Fitting curve

u = 0.033e0.166t + 4.335, (R2 = 0.98)
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Figure 10: Foam fluid viscosity varies over time.

is 10∘C, and the viscosity of the water is 1.3077MPa⋅s, based
on the viscosity of the water table. The viscosity of the ISF
fluid was measured using a NDJ-5s rotary viscometer, setting
the rotor number to 2 and the rotor speed to 6. The viscosity
varies with time, as shown in Figure 10.

The change of viscosity over time was fitted in Figure 10;
the fitting function obtained is given by

𝑢 = 𝑎𝑒𝑏𝑡 + 𝑐, (14)

where 𝑎 = 0.033, 𝑏 = 0.166, and 𝑐 = 4.335; the correlation
coefficient is𝑅2 = 0.98. As a result, we can obtain the viscosity
ratio of foam fluid and water using

𝛽 = 𝑢ISF𝑢𝑊 = 𝑎𝑒𝑏𝑡 + 𝑐
𝑢𝑊 = 0.033𝑒0.166𝑡 + 4.335

1.3077 × 10−3 . (15)

From Figures 2 and 3, the average penetration pressure
and the diffuse time of monitoring points 1#–10# are listed in
Table 3.

Based on (13), the relationship among the differential
pressure of the 1# monitoring point, the diffusion time, and
the diffusion distance can be expressed as

Δ𝑝13 = 𝜙3𝛽33𝑡3𝐾𝑙0 𝑙
3
13 − 𝜙3𝛽33𝑡3𝐾𝑙213 + 4

3𝜆𝑙13 −
4
3𝜆𝑙0,

Δ𝑝16 = 𝜙6𝛽63𝑡6𝐾𝑙0 𝑙
3
16 − 𝜙6𝛽63𝑡6𝐾𝑙216 + 4

3𝜆𝑙16 −
4
3𝜆𝑙0.

(16)

We substituted the related parameters in the Table 3 into
(16) to obtain

1500 = 1.3665
𝐾 + 0.3133𝜆,

4530 = 9.8377
𝐾 + 0.6467𝜆,

⇓
𝐾 = 4.894 × 10−3 (m/s) ,
𝜆 = 3.897 × 103 (Pa/m) .

(17)

To further amend the formula of effective diffusion
distance of foam fluid, the diffusion time and diffusion
distance of the remaining monitoring points 2#, 4#, 5#, 7#,
8#, 9#, and 10# were substituted into the formula, and then
the predictive values were calculated. The comparison of the
predicted values and the test values is provided in Table 4.

From Table 4, the predicted values were overall in accord
with the experimental results. The predicted values were
all less than the experimental results; this difference occurs
mainly because the foam fluid impacts the tiny earth pressure
gauges and causes it to be slightly mobile. As a result,
the follow-up monitoring data may contain some errors.
However, because all the relative error ofmonitoring is within
10%, the prediction formula is reasonable. Thus, we can
obtain the relations of the diffusion distance, penetration
pressure difference, and diffusion time given by (18). Based on
it, it can be obtained that the penetration pressure difference
between two monitoring points (Δ𝑝) was affected by the
porosity (𝜙) and the penetration and diffusion distance (𝑙1).
In Figure 7, the porosity of the model is the same. With
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Table 4: Comparison of the predicted values and the test values.

Monitoring point 2# 4# 5# 7# 8# 9# 10#
Predicted value (kPa) 2.94 1.92 6.05 5.29 9.93 7.96 9.51
Test value (kPa) 3.24 2.01 6.32 5.65 10.85 8.74 10.39
Relative error (%) 9.25 4.48 4.27 6.37 8.47 8.92 8.46

the increase of the penetration and diffusion distance, the
penetration pressure near the perfusion inlet is higher than
the position which is further away from the perfusion inlet.
For the same penetration and diffusion distance, the greater
the porosity is, the smaller the seepage pressure difference is,
and the greater the seepage pressure is, which can prove the
diffusion morphology in Figure 8.

Δ𝑝 = 𝜙 ((𝑎𝑒𝑏𝑡 + 𝑐) /𝑢𝑊)
3𝑡𝐾𝑙0 𝑙3 − 𝜙 ((𝑎𝑒𝑏𝑡 + 𝑐) /𝑢𝑊)

3𝑡𝐾 𝑙2

+ 4
3𝜆𝑙 −

4
3𝜆𝑙0.

(18)

4. Conclusions

A similar fractured rock model was built according to the
coal pillar and the surrounding gob.Thepenetration pressure,
image, and law in the complex fracture were investigated.
Some conclusions can be drawn as follows.

(1) The pressure fluctuated up and down within a certain
range overall.With the increase of diffusion distance, the pen-
etration pressure decreased, consistent with the traditional
grouting penetration diffusion law. Affected by the porosity
of filling medium, a longer time is required to monitor the
penetration pressure for the loose coal pillar than the gob, and
the value of penetration pressure in loose coal pillar was lower
than that of the gob at the same diffusion distance.

(2) The diffusion form of the foam fluid in the 𝑋-𝑌
plane is ellipsoidal, with the diffusion area increasing with
time, although the diffusion area of growth becomes smaller
with time; in the 𝑋𝑍 section, the foam fluid diffusion in the
fracture channel is from dense to loose in the 𝑋 direction,
and, from the𝑍 direction, the fracture penetration is fuller at
the same𝑍 height of the injection inlet; in the𝑌𝑍 section, the
left part is loose and the right part is dense in the 𝑌 direction,
and the distribution of penetration and diffusion is uniform,
except the top, with surface penetration.

(3) The viscosity of the ISF fluid was measured by a NDJ-
5s rotary viscometer. The change of viscosity over time was
fitted to obtain the fitting function. Based on the formula
of Bingham fluid penetration in a pipe, the formula of the
diffusion radius of the ISF was determined theoretically and
then compared and verified in terms of the pressure data from
the monitoring point.
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