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Polymer materials are widely used in mining and petroleum
engineering, which play an important role in mine and
oilfield production. Due to the availability of a variety of
polymeric materials, many parameters, such as molecular
structure and molecular weight, have substantial effects on
their properties. #e design and selection of suitable poly-
mers based on the intended specific applications can be
challenging. #e research into polymeric materials has
attracted considerable interest from scientists and engineers
in the fields of mining and petroleum. Studies focusing on
polymer materials have a wide range of interest and ap-
plications in the mining and petroleum industries. #is
special issue aims to present recent research progress, de-
velopments, and applications of polymer materials and
technology within mining and petroleum engineering, in-
cluding theoretical studies, experimental investigations, and
research into polymeric applications.

#e paper by X. Liu et al. investigated the effect of
temperature and accelerator on gel time and compressive
strength of the resin anchoring agent. With increasing
ambient temperature, the gelation time of the anchorage
agent decreased.#e peak exothermic value of the anchoring
agent grew with the increasing ambient temperature. #e
compressive strength of resin anchoring agent dropped
significantly with the increase in temperature.

K. Gao et al. established a cable combustion experiment
platform to study the regularities of the cable fire spread
speed and smoke temperature as well as the flame change
and molten dripping behaviour. #e flame-retardant cable
can be ignited and continuously burnt at a certain wind

speed, but combustion can be restrained at high wind speed.
#e combustion speed of the flame-retardant cable is af-
fected by the fire load and ventilation speed.#e combustion
droplets can change the shape of the flame, which can
consequently ignite other combustible materials.

#e paper by J. Li et al. proposed that the average for-
mation pressure and its location are changing all the time
during alkali-surfactant-polymer (ASP) flooding. In addi-
tion, the influence of heterogeneity and viscosity on recovery
and pressure is also probed in this paper. A numerical
simulation model to match the experiment data considering
the physical and chemical alternation in ASP flooding is also
developed. Also, the response surface methodology (RSM) is
adopted to obtain the formula between pressure functions
and influencing factors.

W. Zou et al. investigated the adhesion and adsorption of
a hydrophobically modified polyacrylamide (HMPAM) on
silica and asphaltene using surface force measurements,
thermodynamic analysis, and quartz crystal microbalance
with dissipation (QCM-D) measurement. #e adhesion
force with an HMPAM-modified probe was greater on silica
than on the asphaltene surface. Adsorption of HMPAM on
the silica surface was greater than that on the asphaltene
surface, and the adsorbed layer was more rigid on the silica
surface. Hydrophobic interactions between the asphaltene
surface and the long hydrocarbon chains of HMPAM may
dominate the attraction and adhesion.

Y. Chen et al. proposed a flame retardant with bio-based
benzoxazine (Boz-F), red phosphorus, and melamine with a
mass ratio of 2 :1 : 2, which then underwent mechanical
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modification by hollow glass bubbles. #e pregrouting
material with low viscosity and high permeability was
compounded, and its interaction with coal was experi-
mentally studied. #e new material increases the effective
consolidation distance in the coal seam by 40% on an av-
erage compared with traditional polyurethane. Its perme-
ation radius is larger than the calculated radius of the plastic
softening zone of a borehole. In addition, the strengths of
coal-new material consolidated products with different ra-
tios fully surpass those of coal-polyurethane material con-
solidated products.

#e paper by C. Zhang et al. proposed a new solidified
sealing material with better strain-bearing capacity and
volumetric expansion capacity. #e axial strain and volume
increment of the new solidified material is higher than those
of the traditional concrete solidified material at the peak
stress. Meanwhile, the confining pressure has a certain
hysteresis effect on the postpeak stress attenuation. #e
relative content of seepage pore and fracture in the new
solidified material is less than that of coal and concrete
samples, and the stress sensitivity of the new solidified
materials is weaker than that of coal and concrete materials;
hence, new solidified material will have better performance
in borehole sealing.
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In order to ensure the intactness of pressure-measuring boreholes and the accuracy of gas pressure determination, pregrouting
treatment with polymer materials is frequently applied to bedding drilling in coal mines. However, the existing polyurethane
materials are of high viscosity, low permeability, and poor safety, bringing great difficulties to their field promotion and ap-
plication. In view of this problem, after optimization and experiments, polylactide polyol/polyether polyol 4110/isocyanate was
determined as the target system. Bio-based benzoxazine (Boz-F), red phosphorus, and melamine with a mass ratio of 2 :1 : 2 were
used as the flame retardant, which then underwent mechanical modification by hollow glass bubbles. Finally, the pregrouting
material with low viscosity and high permeability was compounded, and its interaction with coal was experimentally studied. (e
results show that compared with traditional polyurethane, the new material increases the effective consolidation distance in the
coal seam by 40% on average. Its permeation radius is also larger than the calculated radius of the plastic softening zone of a
borehole. In addition, the strengths of coal-new material consolidated products with different ratios fully surpass those of coal-
polyurethane material consolidated products. (e enhancement of compressive strength and bending strength is up to 153% and
161%, respectively. (e field application indicates that after pregrouting treatment of boreholes in the coal seam with the new
material, the borehole formation rate reaches 100%.(erefore, the newmaterial is safe and practical for gas pressure measurement
through bedding drilling on site.

1. Introduction

With the development of national economy, more and more
polymer materials have been applied to the coal industry
[1–6]. As far as gas prevention and control is concerned,
polymer materials are more and more frequently applied to
mine gas pressure measurement. (e utilization of poly-
urethane as a sealing material for bedding drilling during gas
pressure measurement is a practical method developed in
recent years. On the one hand, polyurethane materials can
consolidate the loose coal layers around bedding boreholes

[7–10]. On the other hand, it can seal coal fractures [11–14],
thus creating good conditions for the pressure measurement
[15–17]. However, practical applications have revealed that
the raw polyurethane material is of high viscosity and poor
permeability into coal. If a high injection pressure is applied,
it will migrate along cracks of a loose layer to a rather far
place so that it cannot effectively reinforce the loose layer
surrounding a borehole. In addition, it has poor safety
performance characterized by problems such as high tem-
perature in the consolidation process and poor flame
retardancy. Mine fires caused by polymer materials occur
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from time to time, which severely limits the application of
polyurethane materials to mines. Hence, it is necessary to
develop a new type of low-viscosity and high-permeability
sealing material. First, the new material should feature low
viscosity. (at is, it should have better permeability than
polyurethane materials under normal or lower pressures,
because high permeability enables it to bond with coal in a
large range to consolidate loose layers. Second, it should
feature a suitable consolidation time for the material to be
injected into the coal seam. Finally, it should boast good
safety performance, namely low consolidation temperature
and high flame-retardant grade, so as to guarantee its safe
application to the coal industry. A new material with these
characteristics can better permeate fractures in a coal seam,
seal cracks, and bond the coal, thus meeting the practical
need of gas pressure measurement through bedding drilling.

To achieve the aforesaid objectives, polylactide polyol/
polyethylene/glycol 200/polyethylene glycol 600, polyether
polyol 4110, and isocyanate were used as main raw materials
to compound three kinds of composites. After optimization,
polylactide polyol/polyether polyol 4110/isocyanate was
determined to be the target system (basic formula). It was
found that with the addition of polylactide polyol, the peak
temperature of the newmaterial in the consolidation process
declined, and the consolidation time was prolonged.
Without affecting foaming performance of the material, the
optimal mass ratio of polylactide polyol : polyether polyol
4110 : isocyanate was finally determined to be 4 : 6 :10 (i.e., 2 :
3 : 5). (e basic formula was used for the subsequent re-
search. Furthermore, an analysis was conducted on the low-
temperature consolidation mechanism of the new material,
pointing out the important effect of hydroxyl concentration
on the consolidation process [18].

Based on the work, in view of poor flame retardancy of
the new material, a new type of self-made charring agent,
Boz-F, was adopted to compound an intumescent flame
retardant for the experimental study on the new material.
(ermogravimetric experiments, thermal degradation ki-
netics, and the differential scanning calorimetry (DSC)
analysis indicate that Boz-F has a high charring rate and
proper decomposition activation energy, and thus it is a
suitable charring agent of the intumescent flame retardant.
(rough a vertical firing test, a thermogravimetric analysis,
Raman spectral and X-ray diffraction spectral analyses, it is
proven that the composite achieves the best flame retardancy
when the mass ratio of charring agent : red phosphorus :
melamine is 2 :1 : 2. Besides, to avoid degradation of me-
chanical properties of the material induced by the appli-
cation of intumescent flame retardant, hollow glass bubbles
(HGB) were utilized for a mechanical modification exper-
iment of the flame-retardant material. Related experiments
show that the addition of HGB improves the compressive
resistance and bending resistance of the new material [18].

After the above work, a green and safe sealing material
with low viscosity and high permeability was developed for
pressure measurement. Moreover, the interaction between
the material and coal was experimentally studied to further
investigate their interaction, the permeability of the material
in coal, and the mechanical properties of coal-new material

consolidated product (CNMCP). Besides, the sealing effect of
the new material was also compared and investigated on site.

2. Analysis of StressDistributionofCoal around
Bedding Drilling and the Failure
Mechanism of Boreholes

2.1. Stress Distribution Model and Zone Division of the
Borehole along the Drilling Direction. When a drill bit is
drilling a borehole along a coal seam, it will cause damage to
the original coal. Due to the drilling operation, strain stress
will redistribute in the whole coal. In the direction of drilling,
some areas experience stress concentration; some areas
undergo pressure relief; and others suffer little drilling-in-
duced disturbance and basically maintain the original stress
distribution. According to changes in stress, coal along the
drilling direction can be divided into three zones [19],
namely, the stress unloading zone (the pressure relief zone),
the stress concentration zone (the concentration zone), and
the original stress zone (the primary zone).

After a borehole is formed in coal, the stress redistrib-
utes. (e maximum and minimum principal stresses around
the borehole are the tangential and radial stresses, respec-
tively. Based on the state of stress around a borehole, the area
along the diameter direction can be divided into three zones,
namely, plastic softening zone, plastic hardening zone, and
elastic zone (the former two are collectively referred to
plastic failure zone), as shown in Figure 1.

Like stress distribution in coal along the drilling di-
rection, coal in the plastic failure zone features fracture
development and low strength. Specifically, the plastic
hardening zone and the elastic zone share similar fracture
development and stress state, and the permeability and stress
state of the two zones can even be regarded as the same. In
the plastic softening zone, coal is loosened and damaged,
with fracture development. (e zone is in the stage of
complete plastic deformation. It is a primary area that needs
to be solidified and sealed in engineering practices such as
gas pressure measurement. In the elastic zone, stress and
pores are in their original state, or the coal is compacted due
to stress concentration. (e porosity and permeability are
low in this zone.(ereby, the minimum permeation distance
of the plugging material should be greater than the radius of
the plastic softening zone, for ensuring the effectiveness of
plugging. Besides, the larger the permeation radius is, the
better the plugging effect becomes.

According to the relevant literature, the range of plastic
softening zone of drilled coal and rock mass can be deter-
mined by equation (1) [20]:

Rs � R0
2 σ0 Kp − 1  +(2c cosφ/(1 − sinφ)) 

Kp + 1 (2c cosφ/(1 − sinφ))
⎡⎢⎣ ⎤⎥⎦

1/ Kp− 1( 

,

(1)

where Rs is the radius of the plastic softening zone, R0 is
the radius of the borehole, σ0 is the original stress of the
coal, ϕ is the internal friction angle of the coal, and
Kp � (1 + sinφ)/(1 − sinφ).

2 Advances in Polymer Technology



2.2. :ree Failure Modes of Bedding Drilling. (e failure
(instability) of bedding drilling is related to the structural
failure of a bedding borehole itself and the stress state of
surrounding coal. According to the failure (instability) areas,
damage of a bedding borehole can be divided into two
modes: (1) mechanical failure of the borehole structure and
(2) the borehole structure instability and borehole collapse
induced by the internal structural damage of coal around the
borehole, which is frequently accompanied by jamming of
drilling tools and spewing. (e first mode can be subdivided
into borehole-bottom failure (instability) and borehole-wall
failure (instability), according to the failure location. Various
modes, forms, and criteria for failure of bedding drilling are
illustrated in Figure 2 [21–25].

After the new material is injected into a coal seam, it will
exert an impact on the aforesaid three failure modes. For the
sake of simplicity, studies are mainly conducted on the
permeation and distribution of the material along the di-
rection of borehole diameter. (e new material, which
permeates along the diameter direction, will change the
mechanical properties of coal around the pore wall. Besides,
it can interact with coal to form a coal-composite consoli-
dated product with a certain strength, hence improving the
mechanical properties of coal around the borehole wall and
strengthening the coal seam.

(e new material should permeate the plastic softening
zone and bond well with coal to form a consolidated
product, thereby reinforcing the plastic zone and achieving
the purpose of sealing and strengthening. Hence, the per-
meability and consolidation effect of the plugging material
need to be investigated.

3. Experimental Study on Permeability of the
New Material in Coal

3.1. Experimental Study. (e experiment was carried out via
a simulation experimental device of coal seam outburst
developed by China University of Mining and Technology.
(e device mainly consists of a press, an obround cylinder, a

compression column, and a plug. It has the maximum test
load of 10,000 kN. (e obround has two semicircular ends
with a radius of 110mm and two parallel lines with a length
of 900mm. (e depth of the cylinder is 330mm. With the
maximum test load, the formation pressure of a coal seam
can reach 42.37MPa, and the outburst coal such as Grade IV
coal and Grade V coal can be prepared on site [26]. In the
permeability experiment, coal samples from Wangzhuang
Coal Mine were first crushed in the laboratory and then
sieved to obtain coal particles with a size of below 1mm.
Next, an appropriate volume of water was added to the
particles and the mixture was stirred evenly before they were
sealed in a tank. To fully compact coal samples, the coal seam
pressing was carried out five times. (e thickness of a coal
seamwas about 45mm each time.(e coal seamwas kept for
30min under the formation pressure of 35MPa to discharge
gas from it, which was beneficial to the combination between
samples.

After the layered pressing, the confining pressure was
maintained at 10MPa by the press for 12 h, in order to make
properties of the briquette uniform and stable. (en, a pipe
with a diameter of 42mm driven by a coal electric drill
drilled into the simulated coal seam from the plug side. After
the formation of a borehole, sealing materials with the same
mass (1 kg) were injected in them for a material permeability
test. After the materials were solidified and molded for 12 h,
superfluous coal was removed to obtain coal-material
consolidated product. Next, 5 sections were cut from the
consolidated material at an equal distance, and the maxi-
mum radial dimensions of sections were measured.
According to the corresponding physical meaning, the
difference between the maximum radial dimension and the
borehole diameter (42mm) is defined as the effective con-
solidation distance of the material into a coal seam, for
investigating the permeability of the material. Specific steps
are illustrated in Figure 3. Comparison of effective con-
solidation distances of two different materials after they
permeate the coal seam is given in Table 1.

It can be observed from Table 1 that the effective con-
solidation distances of the new material are all larger than
those of polyurethane. (e maximum, minimum, and av-
erage values of the effective consolidation distance of
the new material in the coal matrix are 33mm, 27mm,
and 29.4mm, respectively, while those of polyurethane
are 22mm, 20mm, and 21mm, respectively. (e average
value of the new material is 40.0% higher than that of
polyurethane.

3.2. Investigation on Permeation Effect. In order to further
quantify the permeability of the new material, relevant
parameters of coal samples collected from Wangzhuang
Coal Mine were combined with equation (1) to calculate the
radius Rs of the plastic softening zone. In addition, half of the
average of the maximum radial dimension of consolidated
products was defined as the permeation radius of the ma-
terial. (e comparison between the permeation radii of
materials and the radius of plastic softening zone is shown in
Table 2.

σ (MPa)

σθ

σ0 σr

Rh

r (m)R0 Rs

23 1 0

Figure 1: Stress distribution diagram of elastic-plastic zones of a
borehole. R0 is the radius of the borehole, Rs is the radius of the
plastic softening zone, and Rh is the radius of the plastic hardening
zone; 1 is the plastic softening zone, 2 is the plastic hardening zone,
and 3 is the elastic zone.
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Table 2 reflects that the experimentally obtained per-
meation radius of the new material is larger than the radius
of the plastic softening zone. In other words, the new
material can not only completely permeate the plastic
softening zone to play a better role in sealing and bonding,

but also effectively strengthen the broken coal. Besides, it
has obvious better permeation effect in coal than poly-
urethane, a kind of traditional sealing material. Further-
more, it can consolidate loose coal in plastic softening zone,
boasting good application effect on sealing fracture and

CPCP CNMCP

5 sections

Filling aperture
of the sealing

material Borehole 

Briquette

Figure 3: Schematic diagram of the experimental process of material permeability in coal.

Table 1: Comparison of effective consolidation distances of materials in coal.

Indexes Material type Section 1
(mm)

Section 2
(mm)

Section 3
(mm) Section 4 Section 5

(mm)
Average
(mm)

Effective consolidation
distance

Polyurethane 22 21 22 20 20 21
New material 29 27 30 28 33 29.4

Instability of
bedding drilling 

Mechanical instabilit
of borehole

Structural instability of
coal around the borehole 

Borehole-bottom failure

Borehole-wall failure

Failure mode 1

Failure mode 2

Failure mode 3

Mohr–Coulomb failure criterion

Initial generation of critical cracks

Extension and connection of critical cracks

cos2β = (1/2)[((σ1 − σ3)/(σ1 + σ3)) × ((l + n)/(l − n)) − 
((σ1 + σ3)/(σ1 − σ3)) × ((4 × l × n)/(l2 − n2))]

r)qP − σr ≥ KIc/(

Borehole-bottom in the prepeak stress concentration zone (3)

Borehole-bottom in the postpeak stress concentration zone (2)
Borehole-bottom in the stress unloading zone (1)

2

3

1

1

2

σr + αpr δij ≥ σt
x (ε1

p)

σr + αpr δij ≥ c + f 

σr + αpr δij ≥ σt

σθ ≥ σc + σr (σc/σr)

Figure 2: (ree failure modes of bedding drilling.

Table 2: Comparison between the experimentally obtained permeation radii of materials and the calculated radius of plastic softening zone
(A refers to polyurethane and B represents the new material).

Coal sample
source

Borehole
radius (mm)

Original
stress (MPa)

Internal
friction angle

(°)

Cohesion
(MPa)

Calculated value
of Rs (mm)

Permeation radius
of A (mm)

Permeation radius
of B (mm)

Wangzhuang
coal mine 21 10 28 1.4 35.6 31.5 35.7
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solidifying coal seams. Due to the limited experimental
conditions, the injection was only performed under at-
mospheric pressure, while the pressed injection test was not
carried out. If the injection had been performed under a
low pressure, the permeation effect of the material could
have been better.

4. Study on Mechanical Properties of
Coal-Composite Consolidated Products

During gas pressure measurement through bedding drilling,
a consolidated product will be formed by the injected ma-
terial and the coal particles. Mechanical properties of the
consolidated product, which directly affect the reinforce-
ment and sealing effect of boreholes, are mainly reflected by
the compressive strength and bending strength of sample.
When the consolidated product is subjected to compressive
and bending stresses, the greater the compressive and
bending strengths are, the stronger the antideformation
ability of borehole is, and thus the more integrated the
borehole wall will be. (erefore, the study on mechanical
properties of coal-composite consolidated products, espe-
cially the comparison of compressive and bending strengths
between the coal-polyurethane consolidated product CPCP
and the CNMCP, can facilitate the understanding of how to
improve the performance of new material. In this section, a
test was conducted on mechanical properties of the CPCP
and the CNMCP. Experimental samples were prepared
according to the formulation in Tables 3 and 4, respectively,
to obtain two types of consolidated products. (en, test
samples were cut by a press cutter, as displayed in Figure 4.

4.1. Experimental Material. Isocyanate is produced by
Wanhua Chemical Group Co., Ltd., Yantai, Shandong
Province. Polylactide polyol (including foaming agent) is
made by Shenzhen Esun Industrial Co., Ltd. Boz-F, a new
kind of charring agent, is self-made. Red phosphorus is
manufactured by Guangdong Fantian Technology Co., Ltd.
Melamine is provided by Sinopharm Chemical Reagent Co.,
Ltd. VS5500 HGB comes from the 3M Company (China).
Pulverized coal is the broken coal with a diameter of 1mm or
less after screening, from Xinyuan Coal Mine, Shanxi
province.

4.2. Experimental Material Preparation. (e prepared
samples of coal-composite consolidated products for the
mechanical property test are shown in Figure 4.

4.3. Mechanical Property Test

4.3.1. Compression Test. Figure 5 demonstrates compressive
stress-strain curves for six different formulations of CPCP at
a loading speed of 1mm/min.

It can be seen from curves in Figure 5 that when the
consolidated product with the addition of pulverized coal is
subjected to compressive stress, it shows complex com-
pression fracture behaviors as the addition amount changes.
In J-4, the curve exhibits certain characteristics of ductile

fracture. (e CPCP yields without obvious fractures when
the compressive stress reaches 4.5MPa. Instead, its com-
pressive stress decreases slightly with the increase of com-
pressive strain. As compressive deformation reaches 0.38,
compressive stress continues to grow to the maximum value
of 4.64MPa. At this point, the CPCP breaks. (e CPCPs
with the rest formulations have typical brittle fracture be-
haviors, that is, when the compressive stress they bear
reaches the maximum, they will find the formation of ob-
vious cracks and will be destroyed. As a kind of filler like
inorganic particles, pulverized coal can mix with polyure-
thane to form a consolidated product. When the consoli-
dated product is subjected to compressive stress, abundant
crazes are induced in a direction perpendicular to the
compressive stress. (ese crazes are a kind of viscoelastic
medium with a certain mechanical strength, so they can
induce the ductile fracture of the consolidated product.
However, under the action of continuous external force,
crazes will break and turns into cracks, which destroys the
consolidated product. A small amount of pulverized coal can
be uniformly mixed with polyurethane to produce few
crazes, causing fracture damage to the composite when the
overall material reaches the limit of compressive yield (J-5
and J-6). With a high content of pulverized coal (J-1, J-2, and
J-3), mechanical properties of the overall composite degrade
because of the incompatibility between pulverized coal and
polyurethane and the poor strength of pulverized coal itself.
Only with an appropriate volume of pulverized coal can
crazes be generated (J-4), which enhances the compressive
strength of the coal-polyurethane composite.

Figure 6 presents compressive stress-strain curves for six
different formulations of CNMCP at a loading speed of
1mm/min.

Different from CPCPs, all the CNMCPs are character-
ized by brittle fracture. In addition, except for some indi-
vidual points, compressive strength of CNMCP rises from
4.36MPa to 7.14MPa, with the declining addition of pul-
verized coal and the growing content of the new material.
When more pulverized coal and less new material are added,
the consolidated product has low compressive resistance
because it cannot be effectively reinforced by the insuffi-
ciently added new material and the low-strength pulverized
coal. Instead, when less pulverized coal and more new
material are added, HGB in the new material can effectively
enhance the rigidity. As a result, the consolidated product
possesses high compressive resistance and improved com-
pressive strength.

Table 5 gives a comparison between compressive
strengths of CPCP and CNMCP. On the premise of the same
mass ratio, the CNMCP has a greater compressive strength
than the CPCP. To quantitatively compare compressive
strengths of the two, (the compressive strength of CPCP–the
compressive strength of CNMCP)/the compressive strength
of CPCP is defined as the percentage of enhancement. (e
result shows that compressive strength of CNMCP is 153%
higher than that of CPCP. In other words, the new material
interacts more strongly with coal and boasts better per-
formance of permeating coal and bonding loose coal seam
than traditional polyurethane.
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4.3.2. Bending Test. Bending stress-strain curves for six
different formulations of CPCP at a loading speed of 1mm/
min are displayed in Figure 7.

After the addition of pulverized coal, all the CPCPs show
obvious brittle fracture behaviors. An optimal ratio of
pulverized coal to polyurethane exists for the improvement
of bending performance. It is obvious that when a large
amount of pulverized coal is added, both the bonding effect
of polyurethane on pulverized coal and the strength of CPCP
are weakened. (is is because pulverized coal, which is not a
kind of polymer material, shares no compatibility with
polyurethane. (e continuity of the organic system of
polyurethane is destroyed with the addition of a great
amount of pulverized coal. Besides, pulverized coal itself has
low strength, thus lowering the bending performance of the
whole composite. When a small amount of pulverized coal is

added, the prepared polyurethane, a kind of rigid foam
material, will see the acceleration of destruction due to the
breakage of cells under a bending force. When an inter-
mediate optimal amount of pulverized coal is added, the
added coal will effectively fill cells of rigid polyurethane
foams, without causing damage to the continuous structure
of cell walls of polyurethane. During the bending failure
process, the coal will effectively absorb the shock of external
load. As a result, the bending strength of composite reaches
the maximum value.

Figure 8 illustrates bending stress-strain curves for six
different formulations of CNMCP at a loading speed of
1mm/min.

As can be seen from Figure 8, the addition of pulverized
coal has a great influence on the brittle-ductile fracture
behaviors of CNMCPs. As the addition of pulverized coal

Table 3: Composition of CPCP.

No. Polyether polyol 4110 (g) Isocyanate (g) Catalyst (g) Pulverized coal (g)
J-1 40 40 0.4 100
J-2 40 40 0.4 90
J-3 40 40 0.4 80
J-4 40 40 0.4 70
J-5 40 40 0.4 60
J-6 40 40 0.4 50

Table 4: Composition of CNMCP.

No. Polylactide
polyol (g)

Polyether polyol
4110 (g)

Isocyanate
(g)

Charring
agent (g)

Red phosphorus
(g)

Melamine
(g)

Catalyst
(g)

HGB
(g)

Pulverized
coal (g)

X-1 16 24 40 8 4 8 0.4 12 100
X-2 16 24 40 8 4 8 0.4 12 90
X-3 16 24 40 8 4 8 0.4 12 80
X-4 16 24 40 8 4 8 0.4 12 70
X-5 16 24 40 8 4 8 0.4 12 60
X-6 16 24 40 8 4 8 0.4 12 50

J-1 J-2 J-3 J-4 J-5 J-6

X-1 X-2 X-3 X-4 X-5 X-6

Figure 4: Samples of coal-composite consolidated products for the mechanical property test.
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increases, the fracture behavior of CNMCP gradually
changes from hard and brittle (X-6 and X-5) to soft and weak
(X-1). Table 6 shows the comparison between the bending
strengths of CPCP and CNMCP.

Except for some individual points, the compressive
strength of CNMCP grows as the addition of pulverized coal
decreases. With low content of pulverized coal, HGB in the
composite can enhance the rigidity. Besides, the small
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Figure 5: Compressive stress-strain curves of CPCP. (a). J-1. (b). J-2. (c). J-3. (d). J-4. (e). J-5. (f ). J-6.
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amount of pulverized coal can uniformly disperse in the cells
formed during the foaming process of the material, which
makes foaming of the new material more difficult. Ac-
cordingly, the density of CNMCP is further improved, and
its mechanical strength is enhanced.

On the premise of the same mass ratio, the bending
strength of CNMCP is larger than that of CPCP (excluding
X-3) and is up to 161% greater than the compressive strength
of CPCP. (e new material exhibits stronger interaction
with coal and better performance of permeating coal and
bonding loose coal seam than traditional polyurethane.

5. Industrial Test

(e test was conducted in Xinyuan Coal Mine, Shanxi
Province, China. (e actual application effect of pressure
measurement with the new material was verified by mea-
suring the original gas pressure in No. 3 coal seam of the
mine. No. 3 coal seam is about 23m away from the upper K8
sandstone and is in the middle of Shanxi Group. According
to the drilling data of exploration and construction, most of
the coal seam is recoverable, except No. 1, No. 2, and No. P30

boreholes near the western boundary and No. P75 borehole
near the northeast boundary of the minefield. (e thickness
of the coal seam lies in the range of 0.40–4.75m and averages
2.58m.(e coal seam is mostly recoverable and stable with a
recoverable area of 128.787 km2, a thickness variation co-
efficient of 24%, and a recoverability index of 0.97. Besides, it
contains 0–3 layers of stone and partially 6 layers. It has a
simple structure. (e coal seam roof generally consists of
mudstone, sandy mudstone, siltstone, fine/medium/coarse
sandstone, and partially carbon mudstone, while its floor is
mainly composed of mudstone, sandy mudstone, fine
sandstone, siltstone, carbon mudstone, and partially coarse
sandstone. (e coal seam has now formed a certain area of
goaf in the north central part of the minefield.

Four groups of boreholes were drilled in No. 3 coal seam.
Each group included two pressure-measuring boreholes
arranged in the coal seam. After the drilling was completed,
polyurethane and the new material were applied to pre-
grouting. (e former was used for No. 2, No. 4, No. 6, and
No. 8 boreholes, while the latter was adopted for No. 1, No. 3,
No. 5, and No. 7 boreholes. Specific technical parameters
and measurement results are listed in Table 7.

Table 5: Comparison between compressive strengths of CPCP and CNMCP.

Mass of the added pulverized coal (g) 100 90 80 70 60 50

Compressive strength (MPa) Coal-polyurethane 2.65 3.01 1.94 4.64 3.73 2.92
Coal-new material 4.36 4.50 4.90 6.38 6.81 7.14

Percent of enhancement (%) 64.5 49.5 153 37.5 82.5 145
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Figure 7: Bending stress-strain curves of CPCP. (a). J-1. (b). J-2. (c). J-3. (d). J-4. (e). J-5. (f ). J-6.
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(e construction of pressure-measuring boreholes by
bedding drilling and the analyses on measurement results of
gas pressure in Table 7 demonstrate that during the

secondary borehole formation by bedding drilling, the new
material can permeate the loose layer deep and interact with
coal due to its excellent low-pressure permeability. (e
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Figure 8: Bending stress-strain curves of CNMCP. (a). X-1 (b). X-2 (c). X-3 (d). X-4 (e). X-5 (f ). X-6.

Table 6: Comparison between bending strengths of CPCP and CNMCP.

Mass of the added pulverized coal (g) 100 90 80 70 60 50

Bending strength (MPa) Coal-polyurethane 2.94 2.13 5.32 3.50 4.34 2.77
Coal-new material 3.86 3.17 3.31 5.00 6.76 7.25

Percent of enhancement (%) 31.3 48.8 − 37.8 42.9 55.8 161

Table 7: Technical parameters of pressure-measuring boreholes.

No. Location Elevation
(m)

Buried depth
(m)

Dip
(°)

Actual hole length
(m)

Measured pressure
(MPa)

Comparative
group 1

1# 1,471m from no. 3108 return
roadway 636 463 2 55.2 0.39

2# 1,491m from no. 3108 return
roadway 636 463 2 55.7 0.38

Comparative
group 2

3# 1,223m from no. 3108 return
roadway 627 472 2 53.7 0.41

4# 1,203m from no. 3108
working face 628 471 2 53.6 0.41

Comparative
group 3

5# 1,100m from no. 3412 return
roadway 594 505 2 55.8 0.52

6# 1,125m from no. 3412 return
roadway 596 503 2 55.4 0.50

Comparative
group 4

7# 290m from no. 3412 return
roadway 579 520 2 53.2 0.67

8# 310m from no. 3412 return
roadway 576 523 1 53.3 —
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pregrouting by the new material for reinforcement and
sealing can better strengthen the coal and seal cracks, and the
pressure-measuring boreholes are hard to collapse after
formation. In the field practice of pressure measurement,
boreholes with the new material can be constructed nor-
mally, and the sealing capsule can be smoothly put into the
predetermined position, ensuring the success of pressure
measurement via bedding drilling. However, of the four
boreholes plugged and reinforced by polyurethane, one (No.
8) collapses in the secondary borehole formation process.
(e capsule fails to be put in the right position, which results
in failure of pressure measurement.

6. Conclusions

(1) Based on analyses of stress distribution of coal
around bedding drilling, there are three failure
modes of bedding drilling, namely, partial borehole-
bottom failure, partial borehole-wall failure, and
structural instability of coal surrounding the
borehole.

(2) (e interaction between the new material and coal
was studied to investigate the permeability of the new
material in coal. (e experimental results prove that
the new material possesses better properties than the
traditional polyurethane. (e maximum and mini-
mum effective consolidation distances (33mm and
27mm, respectively) of the new material in coal are
higher than those (22mm and 20mm, respectively)
of polyurethane. Besides, the average effective con-
solidation distance increases from 21mm to
29.4mm, with an increase of 40%. Furthermore,
under the original coal stress of 10MPa, the rela-
tionship between the experimental value of perme-
ation radius of the new material and the theoretical
value of radius of the plastic softening zone is also
explored.(e results reveal that the newmaterial can
better permeate the plastic softening zone than
polyurethane and can thus more effectively con-
solidate the broken coal.

(3) To research the bonding effect between the new
material and coal, a test was performed on me-
chanical properties of CNMCP. (e results indicate
that the CNMCP has better mechanical properties
than CPCP. With the same mass ratio, the en-
hancement of compressive and bending strength of
CNMCP is up to 153% and 161%, respectively, and
the lowest enhancement can also reach 37.5% and
31.3%, respectively.
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Borehole-sealing solidified material plays a significant role in improving sealing quality and enhancing gas drainage performance. 
In this study, the MTS815 electro-hydraulic triaxial servo test system and MR-60 NMR test system were adopted to conduct triaxial 
compression control experiment on the coal sample material, concrete material, and new solidified sealing material, respectively. 
�is paper aims to analyze the difference of support effects, porosity, and stress sensitivity between those materials. Experimental 
results show that under the same stress condition, the stiffness of traditional concrete solidified material is the largest, while the 
new solidified material is the second, and the coal sample material is the smallest. Compared with the traditional concrete solidified 
material, the new solidified sealing material has better strain-bearing capacity and volumetric expansion capacity under each confining 
pressure in the experiment. �e axial strain and volume increment of new solidified material is higher than those of the traditional 
concrete solidified material at the peak stress. Meanwhile, the confining pressure has a certain hysteresis effect on the postpeak stress 
attenuation. Fracture has the strongest stress sensitivity in three pore types, and its T2 map relaxation area has a larger compression 
than adsorption pore and seepage pore under the same pressure. �e relative content of seepage pore and fracture in the new solidified 
material is less than that of coal and concrete samples, and the stress sensitivity of the new solidified materials is weaker than that 
of coal and concrete materials, thence, new solidified material will have better performance in borehole sealing. Outcomes of this 
study could provide guidance on the selection of the most effective sealing materials for sealing-quality improvement.

1. Introduction

Coal is the main energy source in China, accounting for over 
70% of the primary energy [1]. However, most coal seams in 
China have complex and variable conditions, and the propor-
tion of high gas coalmines is large [2]. Gas-related incident is 
always one of the most serious disasters during coal mining. 
�erefore, prevention and control of gas disasters is particu-
larly significant. Many scholars have conducted a large amount 
of research in this area [3–6]. Some studies focused on sealing 
materials [7–9], while others concentrated on the sealing pro-
cess [10–13]. Quanle Zou et al. established an improved coal-
bed methane combined mining model and proposed a 
combination method of borehole-grooving-separation-block-
ing to improve coalbed methane permeability and coalbed 
methane recovery [14]. Zhou et al. developed a new sealing 
material and analyzed the effects of various factors on material 

properties [9]. Zheng et al. studied the sealing performance 
of a cement-based capillary crystalline material [15]. Baiquan 
Lin et al. proposed a borehole hydraulic grooving technology 
to eliminate coal and gas outburst threats that are more likely 
to occur during roadway excavation [16].

Currently, the primary method of controlling methane 
incidents is gas extraction, which has been vital and been gen-
eralized in China [17, 18]. Furthermore, borehole sealing is a 
vital factor to the gas extraction efficiency. �e borehole-seal-
ing quality is closely related to the solidified sealing material 
[19]. �e mining team of coal and methane has developed a 
new type of solidified material for sealing (Figure 1), it can 
optimize the deficiencies of traditional materials in terms of 
initial setting time, fluidity, and expansion, however, the poros-
ity and mechanical properties of the material during sealing 
are still to be studied. Hence, investigation on strength, stiff-
ness, and elasticity modulus of sealing solidified materials a�er 
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swelling and solidification could have a positive impact on the 
stability of borehole sealing section, the avoidance of stress 
concentration and increase in gas-extraction efficiency.

�e rock stratum around borehole is usually in three-di-
mensional stress state, it is necessary to study on the stress-
strain characteristics of new solidified materials to further 
understand the properties of the material. �e triaxial com-
pression test is a common method for studying the transfor-
mation and strength characteristic of wall rock in 
three-dimensional stress state. Many remarkable signs of pro-
gress have been made by conducting numerous experiments 
in the triaxial compression condition [20, 21]. Morgan 
Chabannes et al. evaluated the shear behavior of two different 
biobased concretes using triaxial compression [22]. Meanwhile, 
other researchers also made some advances in mechanical 
properties of coal rock, especially for the strength and defor-
mation behaviors [23–25].

As an important material for borehole sealing, the change 
of porosity and stress sensitivity under pressure are also several 
important characteristics for characterizing material proper-
ties. Some researchers have discussed the stress sensitivity and 
porosity under different stress state based on a series of exper-
iments of coal and rock samples [26–28]; Li used the transverse 
relaxation time (T2) spectrum of nuclear magnetic resonance 
to conduct quantitative study of the compression characteris-
tics of pore-fracture system [29]; Meng studied the differences 
of gas adsorption-diffusion and adsorption deformation of low 
and high rank coal and its permeability evolution in isothermal 
adsorption experiment and desorption-seepage testing system 
[30]; Wang revealed the characteristics of micropore, meso-
pores, and fractal dimensions of bituminous coal during the 
process of cyclic gas adsorption/desorption by combining N2 
and CO2 adsorption experiments from microscopic aspect 
[31]. However, the methods commonly used such as mercury 
intrusion porosimetry (MIP), N2 adsorption desorption [32], 
and small angle scattering may cause some damage to the sam-
ple matrix. Compared with other methods, nuclear magnetic 
resonance (NMR) technology has a faster and more accurate 
representation of the pore distribution in the sample without 
damaging it, it has been widely used by some researchers to 
study the size, content, and distribution of pores [33–40].

In this study, the advanced electro-hydraulic triaxial servo 
test system (MTS815) and the MR-60 NMR test system were 
applied to conduct the triaxial compression experiments and 
NMR scanning experiment of coal sample materials, concrete 
materials, and solidified materials. �e variation of stress-
strain and elastic modulus under different confine pressure 
were analyzed, meanwhile, the variation of strength and the 
effects of confining pressure on them between three specimens 
were comparatively analyzed. Based on T2 spectrum, the relax-
ation area change was used to calculate the compressive capac-
ity of the three pores, the variation of relative content of the 
different pore types in different samples was discussed. 
Additionally, the stress sensitivity of the different types of 
pores was compared by the calculation of dimensionless con-
stants, and the sealing performance of different sealing mate-
rials was compared. It is considered that the achievements of 
the study will be one of the better guidance for advancement 
of borehole sealing process and improvement of drilling effi-
ciency of gas drainage.

2. Experimental

2.1. Geological Setting and Sample Information. �e coal 
samples were taken from the Yuwu Coal Mine of the Lu’an 
Group in Changzhi City, Shanxi Province, China, as shown 
in Figure 2. New solidified sealing materials and concrete 
materials were formed in the laboratory according to the actual 
mix ratio, the new solidified material is based on ultra-fine 
Portland cement, other additives are: reagent grade aluminum 
powder, CaO, and gypsum, and the partial proportions are 
shown in Table 1. �e content of aluminum powder and CaO 
is 0.56%, the gypsum content is 2%, and the water–cement 
ratio is 0.6%.

2.2. Experimental Methods. �e triaxial loading experiment 
used the three-dimensional compression MTS815 experiment 
system. �is machine is mainly composed of a loading system, 
measuring system, and controlling system. �e maximum 
axial load, confining pressure, and the applied range of the 
strain rate are 4600 KN, 25 MPa, and 10−7–10−2/s, respectively. 

(a) (b)

Figure 1: Photographs of the new solidified sealing material. (a) Flow condition. (b) Solidification state.
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Meanwhile, all test parameters in the experimental process 
are obtained using high-accuracy sensors. All operations are 
controlled by axial displacement at the rate of 0.0015 mm/s. 
Meanwhile, three confining pressures of 7, 5, and 3 MPa are 
adopted. In the experimental process, put confining pressure 
to a scheduled time firstly, then add axial displacement to 
the samples. It should be pointed out that all samples would 
be covered up using electrical adhesive tape for avoiding the 
impact of oil on the samples strength and results.

For NMR testing, each sample was placed in a vacuum and 
saturated with distilled water unit for 48 h to its complete sat-
uration, the core holder has a double-layer structure. �e main 
magnetic field of the device is 0.51 T, the RF pulse frequency 
is 1.0~49.9 MHz, and the RF power is 300 W, the NMR testing 
parameters are set as flowing: echo interval time is 0.233 ms, 
the number of echoes is 6000, number of scans is 32,  
and the ambient temperature is 34°C. �e T2 spectral of each 
sample can be used to analyze the variation of content with 
various types of pore.

As shown in Figure 3. �e experiment was conducted in 
three stages, in which each sample was initially tested by NMR 
and triaxial loading experiment, and these samples were then 
combined and fixed. In the last stage, the assembled samples 
were tested by the second round NMR experiment.

2.3. Experimental �eory. In the triaxial compression 
experiment, the maximum carrying capacity of coal, i.e., 
the axial peak strength �� under axial compression can be 
determined by:

where �� is the peak strength under different confining pres-
sures, �

max
 is the axial failure load of samples, and � is the 

cross-sectional area.
�e elasticity modulus of samples can be calculated using 

the Hooke laws as follows:

where � is the Poisson ratio. Due to the invariability of con-
fining pressure in the loading process, the formula could be 
changed into the following expression:

�us, the elasticity modulus could be obtained via the equation 
of �퐸 = �푑(�휎1 − �휎3)/�푑�휀1.

For NMR experiments, the distribution, connectivity, and 
various physical parameters of various types of pores in coal 

(1)�휎� = �푃
max

�퐴 ,

(2)�퐸�휀1 = �휎1 − 2�휇�휎3,

(3)�퐸 = �푑�휎1
�푑�휀1 .

Taiyuan
Taiyuan

Changzhi

Lu’an group

Beijing
Shanxi

Solidi�ed sealing
material

CoalConcreteCoal sample sampling
picture 

Figure 2: Basic information of the sampling area sampling process.

Table 1: New solidified material composition content.

Concrete ratio Additives ratio
Ingredient SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss CaO Gypsum Al
Content 23.23% 6.58% 3.51% 58.41% 2.43% 2.96% 2.88% 0.56% 2% 0.56%
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experiments were performed on all samples before and a�er 
the loading of experiments using the MR-60 NMR test system, 
the T2 spectra of all samples were obtained by experiment 
(Figures 5–7). �e relative content of different types of pores 
in the sample can be obtained by calculating the peak relaxa-
tion area in the T2 spectrum [43].

4. Discussion

4.1. Analysis of T2 Spectrum and Stress Sensitivity. It can be 
clearly seen from Figures 5–7 that there are three distinct 
peaks in the NMR spectra of the three samples, on the basis 
of previous studies, this paper divides the pore types into 
adsorption pore, seepage pore, and fracture according to the 
relaxation time of each peak in the T2 spectrum [42, 44]. It 
also can be seen in the T2 spectrum of the three samples that 
the main peak area is much larger than the two subpeak areas, 
which indicates that the absorption pore content of the three 
samples is the largest. It also can be seen that the relaxation 
area of the T2 spectrum of this type of pore decreases to some 
extent a�er the triaxial load, and the relaxation area of the 
crack changes most obviously, indicating that it absorbs the 
pores of all samples a�er triaxial loading. �e seepage porosity 
and fracture content decreased, and the fracture change was 
the largest.

It is worth noting that all the samples are conjugated and 
then subjected to NMR experiments a�er triaxial loading until 
the samples are completely destroyed, but the large-size cracks 
caused by the compression experiment are not within the 
detection range of the NMR experiment. �erefore, the NMR 
results of the samples a�er compression indicate the changes 
in the pore content of each sample under extreme stress, the 
experimental results can better reflect the characteristics of 
the new solidified sealing material, so the content of the frac-
ture in the sample both before and a�er the experiment varies 

and rock mass are obtained based on the T2 spectrum. �e 
relationship between the transverse relaxation time T2 of NMR 
and the aperture (�) can be expressed as [41]:

where T2 is the transverse relaxation time, ms, � is the trans-
verse surface relaxation strength, µm/ms, � is the pore surface 
area, cm2, � is the pore volume, cm3, �� is the pore shape factor, 
and � is the aperture.

To better characterize the effect of pressure on various 
pores in the samples, a parameter of �푆�푖/�푆0 is defined to char-
acterize stress sensitivity of various pores. A dimensionless 
parameter of ���� is defined as [29, 42]:

where �� and �0 is the relaxation area of the T2 spectrum a�er 
three-axis compression at a confining pressure of �� and �0. In 
this paper, �0 represents that the confine pressure equals to 0 
(no confine pressure), and when � equals to 1, 2, 3, the confine 
pressure moves from 0 MPa to 3, 5, 7, respectively.

3. Experimental Results

�ree-dimensional compression experiments of three samples 
(coal, concrete, and solidified materials) are conducted by the 
MST815 system until the complete failure of the samples. �e 
axial load and displacement have been used to determine the 
stress and strain changes in the experimental process. �e 
curves of three samples under different confining pressures 
are shown in Figure 4. �e peak strength and strain can be 
calculated via those curves. Furthermore, the elasticity mod-
ulus (E) is also determined by the linear regression of stress 
and strain curves, which is shown in Table 2. NMR scanning 

(4)
1
�푇2

= �휌 × �푆
�푉 = �퐹�푆 ×

�휌
�푟 ,

(5)�푆�푝�푓�푖 = �푆�푖
�푆0 ,

S N

S N

Host computer

Vacuum pumps

Temperature sensor

Samples

Loading experimental

Vacuum and saturated
with distilled water 

NMR experimental device

Figure 3: Schematic of the experimental instrument and experimental procedure.



5Advances in Polymer Technology

increasing trend with the increase of pressure, and the varia-
tion trend of Spfi value of each pore type gradually become 
larger according to the order of adsorption pore, seepage pore, 
and fracture.

greatly, and the change of the coal sample is the most 
 significant. In Figures 5(b), 6(b), and 7(b), the dimensionless 
coefficient (Spfi) of different pore types in each sample shows 
different degrees of change, and the trend generally shows an 
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Figure 4: Stress–strain curves of three specimens under different confining pressures. (a) Stress–strain curves of concrete material. (b) Stress–
strain curves of solidified sealing material. (c) Stress–strain curves of coal sample.

Table 2: Test results and parameters of three samples under different confining pressures.

Sample properties Sample no. Confining pressure 
 �3/MPa Peak intensity ��/MPa Peak strain  

�/mm•mm−1
Elastic modulus  

�/GPa

Concrete material
HN1 3.0 59.13 0.02208 3.892
HN2 5.0 74.41 0.02457 4.944
HN3 7.0 90.34 0.02861 5.233

Solidified sealing 
material

GH1 3.0 31.09 0.02239 2.211
GH2 5.0 45.61 0.02781 3.852
GH3 7.0 54.78 0.03028 4.248

Coal sample
MY1 3.0 15.72 0.03096 0.545
MY2 5.0 25.66 0.03541 1.330
MY3 7.0 31.84 0.04157 2.083
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usually used to describe the pressure sensitivity of the sample. 
�e larger the value of ����, the smaller the compressible vol-
ume of the sample and weaker the pressure sensitivity. It can 
be seen from Figure 5(b) that the ���� values of different pore 
types in the coal sample tend to be smaller and smaller with 
the increase of confining pressure, when the effective confining 
pressure is raised to the highest point of 7 MPa, the �푆�푝�푓3 (�푆3/�푆0) 
values of the adsorption pore, seepage pore, and fracture are 
0.89, 0.80, and 0.67, respectively. �is indicates that the volume 

It can be found that the relative content of the fracture in 
the coal sample decreased to a certain extent a�er triaxial com-
pression, from 12.17% of the total relaxation area before com-
pression to 10.48%, 9.30%, and 9.55% of the total relaxation 
area a�er compression, respectively, and it can also be seen in 
Figure 5(b) that the ���� value of the fracture at the same con-
fine pressure is the smallest, which indicates that the fracture 
content of the three pore types in the coal sample is the largest 
under the triaxial stress. �e dimensionless coefficient (����) is 
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Figure 5: T2 spectrum of the coal samples under different confining pressure.
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Figure 6: T2 spectrum of the concrete samples under different confining pressure.
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and its average content is 10.29% and 15.88% lower than that 
of coal and concrete, respectively. Which indicates that the 
relative content of the two types of transport channels that can 
provide gas flow in the new solidified material is less than that 
in the coal sample and the concrete material, so that the con-
tent of the pore type for gas circulation in the new solidified 
material is less than its content in concrete materials and coal 
samples, �erefore, the new solidified materials have better 
sealing performance than concrete materials.

According to Figure 7(b), the values of ���� of all types of 
pores decrease with the increase of effective confining pres-
sure. When the effective confining pressure rises to a maxi-
mum of 7 MPa, the ���� values of adsorption pore, seepage 
pore, and fracture in the new solidified materials are 0.92, 0.84, 
and 0.72, respectively, which indicates that the pore volume 
of adsorption pore, seepage pore, and fracture is compressed 
by 8%, 16%, and 28%, respectively, and the downward trend 
of fracture is the largest (Figure 8(b)), so the stress sensitivity 
of the fracture in the new solidified material is the strongest. 
Seepage pore medium and the absorption pore are the weak-
est. Under the same experimental conditions, the ���� value of 
the new solidified material is mostly lower than that of the 
coal sample and the concrete material (Figure 9), and the var-
iation trend of the new solidified material ���� value is smaller 
than that of the coal sample and the concrete sample (Figure 
8(b) and Table 3), this indicates that the new solidified material 
has lower pressure sensitivity than the coal sample and the 

of adsorption pore, seepage pore, and fracture is compressed 
by 11%, 20%, and 33%, respectively. �ese results indicate that 
the pressure sensitivity of the fracture in the coal sample under 
triaxial loading is the strongest, the seepage pore is second, 
and the adsorption pore is the smallest.

In Figure 6(a), the relative content of the fracture in con-
crete samples is as high as 23%, which is much larger than the 
fracture content in coal samples and new solidified materials. 
�erefore, compared with the new solidified sealing materials, 
traditional concrete materials have more fractures, thereby 
affecting the sealing effect. It can be seen from Figure 6(b) that 
as the stress increases, the value of ���� of all pore types 
decreases gradually, in which the adsorption pore has the larg-
est ���� value, the seepage pore is the second, and the fracture 
is the smallest. When the effective confining pressure reaches 
7 MPa, the ���� values of adsorption pore, seepage pore, and 
fracture are 0.87, 0.76, and 0.70, respectively, which indicates 
that the pore volume of adsorption pore, seepage pore, and 
fracture is compressed by 13%, 24%, and 30%, respectively, 
and the downward trend of fracture is the largest (Figure 6(b) 
and Table 3), which indicates that the fracture pressure sensi-
tivity of concrete samples is the strongest and most unstable.

Under different confining conditions, the relative content 
of seepage pore and fracture in the new solidified materials 
accounted for 13.40%, 12.50%, 11.90%, and 11.58% of the total 
pore area, respectively (Figure 8(a)), each value of them is 
smaller than that of the coal sample and the concrete material, 
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Figure 7: T2 spectrum of the new solidified material samples under different confining pressure.

Table 3: Equation of the relationship between confine pressure and Si/S0.

Pore types Coal Concrete New solidified material
Adsorption pore �푦 = −0.0132�푥 + 0.997 �푦 = −0.0171�푥 + 0.9821 �푦 = −0.0108�푥 + 0.9975
Seepage pore �푦 = −0.0282�푥 + 0.9913 �푦 = −0.0334�푥 + 0.9890 �푦 = −0.0240�푥 + 0.9935
Fracture �푦 = −0.0482�푥 + 0.9696 �푦 = −0.0428�푥 + 0.9710 �푦 = −0.0406�푥 + 0.988
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elastic phase, yield phase, and failure phase [45]. �e 
 compaction phases of three samples increase with 
confining pressure. It is mainly due to the “End Effect” 
and the different axial elongation. �e detailed infor-
mation is expressed as follows:
When the stress is lower than proportional limits, the 
absolute value of the transverse strain (ε1) and axial 
strain (�) is a constant named Poisson’s ratio �:

Because the confining pressure is added firstly, the 
transverse strain is produced. Hence, Eq. (6) can be 
expressed as follows:

�e transverse strain increases with confining pres-
sure. Based on Eq. (7), Poisson’s ratio is the internal 
property of materials, which shows that the axial strain 
would increase with transverse strain. �e axial strain 
augments the initial compression stages of materials. 
Hence, the rise of confining pressure would lead to an 
increase in the initial compression stage [46].

(2)  In Figure 4, the peak strength and strain would increase 
with the confining pressure for the same lithology. 
Meanwhile, the increment would partly depend on 
material lithology. For instance, when the confining 
pressure changes from 3 MPa to 5 MPa, the corre-
sponding increments of peak strength for three sam-
ples (solidified material, concrete material, and coal) 
are 25.83%, 46.54%, and 63.41%, respectively. When 
the pressure changes from 5 MPa to 7 MPa, the corre-
sponding increments are 21.25%, 20.58%, and 24.27%, 
respectively.

(6)�휇 = �儨�儨�儨�儨�儨�儨�儨
�휀1
�휀
�儨�儨�儨�儨�儨�儨�儨.

(7)�儨�儨�儨�儨�휀1�儨�儨�儨�儨 = �휇|�휀|.

concrete sample, and the structure is more stable, which is 
more conducive to the drilling seal.

In general, it can be found that the pore content of all sam-
ples decreased to some extent a�er loading. �e relative content 
of the adsorption pores in all samples is much larger than the 
seepage pore and fracture, and the stress sensitivity of the 
adsorption pore is weaker than the seepage pore and fracture. 
�e content of the seepage pore and fracture in the new solid-
ified material is smaller than that of the coal sample and con-
crete material, and it has fewer gas migration channels, which 
have better performance than concrete samples in borehole 
sealing. �e pressure sensitivity of all types of pores in the new 
solidified materials is weaker than that of the coal samples and 
concrete samples, it has a slower trend of change, and its struc-
ture is more stable, which is more beneficial to drilling seals.

4.2. Analysis of Stress and Strain of Samples. �e relationship 
curves of the stress difference and axial strain are obtained via 
analyzing the experimental data and shown in Figure 4. In this 
figure, curves (a), (b), and (c) are relation curves in different 
confining pressures. From those curves, it can be seen that 
all the peak strength and maximum axial variation increase 
with the confining pressure. �e strength declines slower when 
the confining pressure becomes higher. �e samples reach the 
plastic region earlier with small confining pressure. In this 
study, the strength and deformation behavior of the samples 
under different confining pressures are investigated based on 
the relationship between stress and strain, changes of elasticity 
modulus, the impact of wall rock on the stress, and strain and 
the failure angle. Meanwhile, the optimizing capacity of new 
solidified materials is analyzed, which could be very helpful 
for the coalmine borehole sealing improvement.

(1)  In the process of axial compression of samples, 
there are four phases: the initial compaction phase, 
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strain curves of concrete material reach the top and 
then decrease, eventually lose the loading capacity 
and experience brittle failure. �e corresponding peak 
strength under confining pressure of 3 MPa decreases 
more quickly than that under confining pressure of 
5 MPa, when stress and strain curves reach the top. 
Besides, the total strain quantity is larger under 5 MPa. 
Consequently, the concrete material experiences brit-
tle failure while the rest experience slow changes from 
brittle failure to plastic failure when the confining 
pressure increases.

(4)  In Figure 4, there is no intersection point between 
stress and strain curve at plastic stage of three samples. 
However, there are intersection points when confining 
pressure ranges from 3 MPa to 5 MPa, which means 

�e increments of peak strength from 3 MPa to 5 MPa 
are obviously higher than the rest, which is due to 
more fracture compression in the first phase than the 
rest. Furthermore, when the pressure changes from 
3 MPa to 5 MPa, the most fracture compression in coal 
lead to its maximum peak strength increments. In the 
rest process, the peak strength increments are similar 
among the three samples.

(3)  According to Figure 4 and Table 2, under the same 
confining pressure, the sort of peak strength from larg-
est to smallest is concrete material, solidified material, 
and coal. In contrast, the sort is reversal in terms of 
peak strain. At the experimentally allowed space, three 
samples are loaded to the limits, as shown in Figure 
4. Under different confining pressures, the stress and 
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by conquering larger friction force by axial strain also has an 
impact. �erefore, the lower confining pressure corresponds to 
shorter compression stage and larger elasticity modulus.

(2) According to Figure 10, the elasticity modulus of all 
samples firstly rise before decreasing with the increase in axial 
strain. Meanwhile, four stages could be observed in the sample 
deformation process based on curve trend: compaction phase, 
elastic phase, yield phase, and failure phase. In the compres-
sion stage, the elasticity modulus keeps a constant when the 
axial strain increases. �en, in plastic deformation stage, the 
elasticity modulus firstly increases under lower confining pres-
sure. A�erwards, the elasticity modulus of samples under 
lower pressure reaches the top and maximum compression 
states as the axial strain increases. �e samples under larger 
confining pressure keep deforming in a longer time. �en, the 
samples experience plastic failures and reach the failure stage. 
Eventually, the emerging fractures and cavities appear and the 
primary physical structures are damaged. Small cavities 

that the increment of elasticity modulus in 3 MPa are 
lower than those in 5 MPa, as shown in Figure 10. 
According to experimental observation, this phe-
nomenon is due to the appearance of more fractures 
in coal, which augments the elasticity modulus and 
rigidity during compression process.

4.3. Analysis on Elasticity Modulus.
(1) �e elasticity modulus, which represents the capacity of 

plastic deformation resistance, is the amount of material severity. 
Based on previous theories, the elasticity modulus increases with 
the gradual compression of materials due to the disappearance 
of natural fractures and small cavities. However, in Figure 10, 
the samples with smallest confining pressure firstly reach the 
plastic deformation stage, which is due to the “End Effect” from 
high confining pressure and axial deformation from confining 
pressure loading. Besides, the longer compression time caused 
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but under damage stage and failure stage. Combining the stress 
and strain curves in Figure 4, the phenomenon with higher 
confining pressure corresponds to slower declination of main 
stress at stress limits could be observed. One reason is irre-
versible physical structures change under high pressure, and 
emerging fractures gradually develop. Meanwhile, parts pro-
duce relative slippage, which changes from brittle failure com-
posed of friction and fracture slippery to plastic failure 
consisting of relative slippage and superplastic deformation. 
Meanwhile, Poisson’s ratio changes when the rock physical 
structures vary. Besides, the lateral strain trend of the samples 
increases. In this experiment, confining pressure kept a con-
stant, which would lead to the lateral strain. �e higher con-
fining pressure to a certain extent prevents the radial strain of 
samples, which can decrease the declination of stress peak. 
�e other reason lies in the changes of coefficient of lateral 
friction and the high positive stress in the lateral wall from 
high confining pressure which could produce large friction 
force that delays the axial compression deformation of 
samples.

(4) �e inner structures and mechanical properties of the 
three samples are different. Among which, the compactness 
of solidified material is high which shows that the material 
owns high strength and rigidity. �e concrete material is com-
posed of gel material and aggregate, which owns a stable struc-
ture. Besides, the coal sample has a so� structure and low 
strength and hardness. In this study, the impacts of changes 
in elasticity modulus to strain on the relationship between 
strength and deformation of three samples under 7 MPa con-
fining pressure were investigated. As shown in Figure 11, 
under the same axial strain, the elasticity modulus of concrete 
material firstly increases, and its elasticity modulus peak and 
curve inclination are also the maximum. On the contrary, the 
coal lies in the last. Hence, a conclusion could be made that 
the rigidity of the concrete material is the best, the solidified 
material comes second, while the coal lies in the last. �is is 

become bigger as time goes on, then elasticity modulus dra-
matically decreases.

For the samples with same lithology, the elasticity modulus 
increases with confining pressure, which shows that the larger 
confining pressure corresponds to the upper limits of defor-
mation resistance capacity. As shown in Table 4, comparing 
the value in 7 MPa with 5 MPa, the increments of elasticity 
modulus of the samples (solidified material, concrete material, 
and coal) are 31.94%, 42.98%, and 29.23%, respectively. 
Comparing 5 MPa with 3 MPa, the increments are 54.30%, 
4.21%, and 26.50%, respectively.

(3) In Figure 10, the samples with the same lithology pos-
sess the properties that the elasticity modulus increases with 
confining pressure. For example, the elasticity modulus of 
solidified material under 3 MPa reaches the minimum value 
at axial strain of 0.028 m, the fractures completely develop and 
internal physical structures are totally damaged. �e elasticity 
modulus under 5 MPa is 1.44 GPa, which decreases 59.65% 
compared with the top value. At this stage, samples own a little 
rigidity and are in irreversible plastic deformation stage. �e 
emerging fractures appear slippage and samples own macro-
scopic deformation. In addition, the elasticity modulus under 
7 MPa is 3.40 GPa, which decreases to 27.80% compared with 
the top value. In this phase, a little decrease in elasticity mod-
ulus shows that the sample has completed the plastic defor-
mation stage and internal protogenesis fractures are entirely 
closed. �en, the new cavities appear, and samples produce 
plastic deformation. However, the elasticity modulus owns 
greater absolute value, and rock mass has a little rigidity. �e 
elasticity modulus can be determined via the relationship 
between stress difference and axial strain based on Eq. (3), 
which represents the change rate of stress with axial strain. 
�e integral of elasticity modulus brings the stress difference 
at the same time. As shown in Eq. (8), the larger elasticity 
modulus corresponds to larger stress difference.

According to Figure 10, it is reasonable to noting that big dif-
ferences exist between the samples with the same lithology 

(8)�휎Δ = ∫�퐸�푑�휀,

(9)�휎Δ = �휎1 − �휎3.

Table 4: Peak elastic variable under different confining pressures 
of three samples.

Sample prop-
erties Sample no.

Confining 
pressure  
σ3/MPa

Fitting peak 
elastic modu-

lus E/GPa

Concrete 
material

HN1 3.0 4.532
HN2 5.0 4.723
HN3 7.0 6.753

Solidified 
sealing material

GH1 3.0 2.313
GH2 5.0 3.569
GH3 7.0 4.709

Coal sample
MY1 3.0 1.136
MY2 5.0 1.437
MY3 7.0 1.857
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adopted. All samples experienced four stages of compaction 
phase, elastic phase, yield phase, and failure phase, under 
different confining pressures. Furthermore, the samples with 
the same lithology were taken from one rock sample, and 
owned small property difference. �is proves the reliance of 
samples with the same lithology in three-dimensional axial 
experiments. �erefore, the key parameter values related 
to confining pressure could be the preference for practical 
activities of the Lu’an group company.

(1) �e capacity of resisting owning attributes failure (i.e. 
hardness) is usually used to measure the utmost carrying lim-
its. �e axial strain in peak strength of samples represents the 
maximum enduring axial strain limits, which works in rigid-
ity-analysis process. Figure 13 shows the relation between axial 
strain and confining pressure in peak strength. It could be 
directly observed that the axial strain in peak strength of three 
samples with different lithology gradually rises with the 
increase in confining pressure, which indicates that the 
increase in confining pressure augments the deformation-re-
sistance capacity in the axial direction.

Compared with the concrete material and solidified mate-
rial, coal has a so� structure, which means that the coal has 
the maximum axial strain under same confining pressure. 
According to Figure 13, when the confining pressure rises 
from 3 MPa to 7 MPa, the coal axial strain in peak strength 
increases 21.14% and 44.83% compared with the other two 
materials. It is obvious that coal has the best deformation-en-
during capacity. In Figure 13, the strain curve of solidified 
material is higher than that of concrete material, which shows 
that the new solidified material has better performance in the 
deformation-enduring capacity and could prevent borehole 
creep behavior.

(2) Stress peak represents the hardness limits. Take the 
main stress mode of Coulomb [47] strength criterion into the 
equation:

(10)�휎1 = �푚�휎3 + �푘,

because of the inner properties. It should be noted that when 
the elasticity modulus of the concrete material decreases to a 
low level which means complete damage under the control of 
pure axial strain, the coal still has a gap away from the peaks 
and lies in the deformation process. Hence, the borehole creep 
and rigidity decrease appear more easily for the traditional 
concrete material, which would cause structure damage and 
decrease in borehole efficiency. In the peaks, new solidified 
material has a clearly higher strain than that of traditional 
concrete material. Consequently, the new solidified material 
has better enduring capacities of strain. It is calculated that 
axial strain of peaks in the solidified material is higher than 
that in concrete material and the value under 7, 5, and 3 MPa 
are 22.25%, 31.99%, and 9.26%, respectively.

In Figure 10(a), the change of concrete material under 
3 MPa and 5 MPa confining pressure are similar and tend to 
be the same in some parts, which is due to the inner compact-
ness structure of the concrete material and the high inner 
rigidity. �e slight distinction of 3 MPa to 5 MPa confining 
pressure cannot make a big difference to the lithology due to 
the rigidity. �erefore, the high similarity in the process of 
initial densification, elastic deformation, plastic failure, and 
damaging part could be observed. It can be straightly found 
that stress and strain curves are both near.

According to Figure 12, in the whole process, the elasticity 
modulus profile of confining pressure of 5 MPa is higher than 
that corresponds to the confining pressure of 3 MPa, which 
means that the rigidity and increase rate of strain difference 
under 5 MPa are higher than those under 3 MPa. �at is 
mainly because the coal is so� and has many natural pores 
and fractures which would be gradually closed under the rising 
confining pressure. �e corresponding rigidity and elasticity 
modulus naturally increase. Hence, the elasticity modulus 
under 5 MPa is higher.

4.4. Effects of Confining Pressure on Sample Strength and 
Deformation. In this experiment, the methods of controlling 
confining pressure and changing the axial strain to load were 
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on the axial capacity of enduring pressure. Based on previous 
analysis, the confining pressure has a positive correlation with 
axial peak stress and strain functions. Hence, the samples 
would experience higher shearing stress. Besides, the whole 
sample crossrange has an expansion tendency. Consequently, 
the lateral strain would increase with confining pressure and 
the trend is linear.

For three samples with different lithology but under 
same confining pressure, the coal has maximum lateral 
strain. Compared to solidified material and concrete mate-
rial, the lateral strain increase of coal is 34.75% and 43.24%, 
respectively, which shows that the solidified material and 
concrete material perform well in the lateral deformation 
capacity.

where � is the effect coefficient of confining pressure on axial 
stress peak, � is the sample strength on complete shearing 
failure under the uniaxial compression and without confining 
pressure. �e relation of m and � could be expressed as 
follows:

Based on Eqs. (11) and (12), following equations could be 
obtained:

According to Eq. (10), the axial strain peak �1 has a linear 
relation with confining pressure σ3 for the specific sample. 
Figure 14 is the changing curve of the axial pressure peak and 
confining pressure, which shows that the profile parameters 
conform to the Coulomb strength criterion. �ere is a linear 
relation between the peak pressure and confining pressure. 
Besides, the existing slope shows the sensibility and great pos-
itive correlation between pressure peak and confining 
pressure.

(3) �e lateral strain represents the lateral deformation 
capacity under axial pressure. �e inhibition effect differs in 
different confining pressures. Figure 15 is the change of lateral 
strain with confining pressure in the peak strength of the sam-
ples. It could be clearly seen that the lateral strain of the sam-
ples in the peak rises gradually with the increase in confining 
pressure, which is due to the positive impact of compression 

(11)�푚 = 1 + sin �휑
1 − sin�휑 ,

(12)�푘 = 2�퐶 cos�휑
1 − sin�휑.

(13)�휑 = arcsin
�푚 − 1
�푚 + 1 ,

(14)�퐶 = �푘(1 − sin�휑)
2cos�휑 .
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(3)  When stress keeps the same in the range of exper-
imental pressures, the traditional concrete material 
has the maximum strength, the new solidified mate-
rial comes second, while the coal sample is the last. 
Meanwhile, when the confining pressure being con-
stant, the concrete material has maximum peaks of 
elasticity modulus, the new solidified material comes 
second, while the coal sample is the last.

(4)  While the stress is the same, the new solidified mate-
rial possesses better strain-bearing capacity compared 
with the concrete material. �is advantage could help 
to avoid the appearance of creep in borehole sealing 
section. Meanwhile, under the confining pressures 
of 7, 5, and 3 MPa, the stress peaks of new solidified 
material are 22.25%, 31.99%, and 9.26% higher than 
those of concrete material.

(5)  In certain confining pressure, the new solidified mate-
rial has superior volumetric expansion capacity a�er 
experiencing pressure. �is feature could increase the 
volume of the borehole sealing section and improve 
the supporting capacity of the solidified material. At 
the same time, under confining pressures of 7, 5, and 
3 MPa, the volume increase of the new material in 
stress peaks are 11.11%, 18.75%, and 6.25% higher 
than those of concrete material.
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parameter among mechanical properties in the fracturing 
process. Figure 16 shows the change of volume strain with 
confining pressure in three-dimensional axial compression 
process. �e relation could be expressed as follows:

where �1 is the axial strain, �����3���� is the absolute value of lateral 
strain.

In Figure 16, the volume strain in coal peak strength is 
sensitive to the change of confining pressure, which is due to 
the so� characteristics and more natural pores than other 
materials. �e strains in Figure 16 are positive values, which 
shows that the axial strain in the peak strength of coal is greatly 
higher than the lateral strain under the twice times peak 
strength and the tendency is clearer with the increase in con-
fining pressure. As the natural pores and fractures (endoge-
netic fractures) divide the coal into some pieces of matrix 
which has numerous pores. Stress of all directions is the main 
reason of volume shrinkage. In macro view, when the coal 
experiences stress under high confining pressure, the inhibit-
ing effect of confining pressure is stronger than the support 
effect of pore framework. �erefore, the volume strain of sam-
ple increases with the confining pressure.

According to the quantity relation, the volume strain in 
peak strength of coal is higher than that of concrete material 
and solidified material. �e values are 31.58% and 46.87%, 
respectively, which shows that the coal has the best volume 
expansion capacity among three experimental samples.

In Figure 16, the volume strain peaks of solidified material 
are higher than those of concrete material under the same con-
fining pressure, which shows that the new material has better 
capacity in expansion volume. When the confining pressure 
being 7, 5, and 3 MPa, the volume strain increase of new mate-
rial is 11.11%, 18.75%, and 6.25%, respectively. Compared with 
the concrete material, it proves above conclusions. Meanwhile, 
the new solidified material could better support borehole.

5. Conclusions

(1)  �e pore content of all samples decreased to some 
extent a�er loading. �e relative content of adsorption 
pores in all samples is much larger than seepage pore 
and fracture, and the stress sensitivity of adsorption 
pore is weaker than seepage pore and fracture.

(2)  �e content of seepage pore and fracture in the new 
solidified material is approximately 10.29% and 
15.88% smaller than that of coal sample and concrete 
material, respectively. It has fewer gas migration chan-
nels, which have better performance than concrete 
samples in borehole sealing. �e pressure sensitivity 
of all types of pores in the new solidified materials is 
weaker than that of coal samples and concrete sam-
ples, it has a slower trend of change, and its structure is 
more stable, which is more beneficial to drilling seals.

(15)�휀
v
= �휀1 − 2�儨�儨�儨�儨�휀3�儨�儨�儨�儨,
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Polymer combustion is an important factor in mine fires. Based on the actual environment in a mine tunnel, a cable combustion
experiment platform was established to study the regularities of the cable fire spread speed and smoke temperature under different
conditions, including various fire loads and ventilation speeds. (e flame change and molten dripping behaviour during the fire
spread process were also analyzed. (e experimental results show that the flame-retardant cable can be ignited and continuously
burnt at a certain wind speed, but the combustion can be restrained at high wind speed. (e combustion speed of the flame-
retardant cable is affected by the fire load and ventilation speed.(e combustion droplets can change the shape of the flame, which
can consequently ignite other combustible materials. (e analysis of the experimental results provides an important basis for the
prevention of tunnel fires.

1. Introduction

In recent years, polymer materials, such as cables and belts,
have been widely used in mines [1]. As the main carrier of
electric energy and information transmission, the cables are
widely distributed in the mine. (e cables are made up of
conductors, insulators, fillers, wraps, and sheaths, and the
most common materials for the cable sheath in China are
chloroprene rubber (CR), polyvinyl chloride (PVC), poly-
ethylene (PE), and chlorinated polyethylene (CPE), etc.
While the cable has the problems of overload, short circuit,
and other faults, it may cause fire and explosion accidents
and the use of polymer materials increases the fire risk of the
workplace [2]. With the special mine environment, the
tunnel belongs to the semienclosed space, the structure of
which is very complicated [3], and the cables are arranged in
every tunnel. Once the cables catch fire in the tunnel, the
poisonous and harmful gases from the burning cables will
flow across the downstream area, threatening the miner’s life
safety [4, 5]. For the reasons mentioned above, the “coal

mine safety regulations” promulgated by China stipulates
that “fire-retardant cables for safety signs of coal mine
products must be selected underground.” However, fire-
retardant cables are not noncombustible, which can be burnt
under certain circumstances [6]. For example, ten miners
died in the fire-retardant cable fire which happened in the
Chengcheng Sulfur Mine of Shanxi Province.

At present, domestic and international scholars studying
cable polymers in tunnels are mainly divided into two parts.
Some established the cable combustion experiment platform
according to the actual environment of the tunnel, and the
char length of cables covered with coating was investigated
under different fire loads and ventilation conditions. Li [7]
established a cable fire model in various environments to
analyze the spread of cable fires. Carcillo [8] studied the fire
behaviour of electrical cables in the cone calorimeter and the
influence of cables’ structure and layout. Xu [6] studied the
combustion and flame-retardant characteristics of PVC-
sheathed cables. Liang [9] focused on cable fire spread and
smoke temperature distribution in a T-shaped utility tunnel.
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Rickard [10] analyzed the fire behaviour involving multiple
fires in a mine drift with longitudinal ventilation. (e other
scholars used FDS software to simulate the occurrence of
cable fires, analyzing the changes of temperature field [11],
smoke flow field [12, 13], and temperature with the changes
of the fire source power in different types of tunnels [14–17].
However, few scholars are committed to cable fire spread
and much less attention is paid to the fire load, impact of
ventilation speed on flame shape, influence of fire spread
speed in a cable fire, and melting and dripping produced by
the polymer as the combustible is heated.

In this paper, the role of the cable layout and air ven-
tilation on the fire behaviour of a series of flame-retardant
cable which was used in the mine of China was thoroughly
investigated. (e study involves the flame spread processes
of one and two arrangement of cables under different wind
speed conditions.

2. Experiment Design

(e tunnel model (see Figure 1), which opens at both ends,
has dimensions of 3m× 0.26m× 0.26m (length× width
× height). (e interior of the box is made of asbestos boards
with certain thermal insulation, and fireproof glass is in-
stalled on the side as the observation window. A cable bridge
with a length of 3m and a width of 0.2m is placed in the
tunnel divided into two layers, and the lower layer and the
upper layer are at heights of 0.03 and 0.13m from the
bottom, respectively.

A layer of thermocouples is arranged along the central
line of the tunnel to measure the temperature.(e upper five
thermocouples A1–A5, 0.15m high from the bottom, are 1,
1.25, 1.5, 1.75, and 2m away from the air inlet, respectively.
(e probe is located right above the cable, and the data
acquisition frequency of thermocouples is 5 s each time.

Cable fires in the tunnel are mainly caused by external
ignition or short circuits, both of which occur in the
presence of a stable heat source. In this study, the experi-
mental fire source is the burning pine and the fuel is diesel
oil. (e ignition source is located 1m away from the air inlet
to allow observation of the combustion process of the cable.

(emass loss in the fire spread process is measured by an
electronic balance with a measurement range of 2000 g and
an accuracy of 0.01 g (WT C20002 series). (e mass loss rate
is obtained by further data processing.

In the experiment, to improve ventilation, an axial fan
(SFG 3-2) is connected with a ventilation pipe with a length
of 1m. In addition, high-speed photography (Sony ILCE-
5100L APS-C) is set 1m in front of the tunnel model,which is
used to record the flame spread speed, flame height, and
flame spread trace of cable combustion in the tunnel.

According to the national standard JB/T8735.2-2016, the
experimental materials (see Figure 2) are flame-retardant
cables (type3× 2.5) with a diameter of 11mm, whose sheath
is ethylene propylene diene rubber-insulated. Single and
double cables with lengths 1m are selected and built in the
bridge frame. Once the cable is ignited, the fire source will be
removed. By changing the fire load and wind speed, the
combustion speed and the temperature at each measuring

point, as well as flame spread trace, are measured to obtain
the variation of the cable fire. (e results are used to guide
the fire prevention design of the tunnel cable.

3. Results and Discussion

3.1. Heat Release Rate Analysis of the Cable. (e heat release
rate of the solid combustible, an important parameter to
measure the fire hazard, is the heat released by the
combustion material in unit time. In the present study,
100 g sample cables were burned on an electronic balance.
(e size of the confined space is 175mm × 150mm ×

90mm. Both sides of this space are ventilated with the flow
rate of air 2 m3/min. (e pump is installed in the pipeline,
and fresh air is added from the environment at the bottom
of the experiment room. (e cable sample is ignited, and
the external heat flux is 25 KW/m2. When the cable
catches fire, remove the external heat flux. (e dynamic
data of cable mass are recorded by an electronic balance at
5 s intervals, thus the mass loss rate can be obtained.
Finally, the cable heat release rate is calculated by the
following equation:

Q � αmq, (1)

where Q is the heat release rate, kW; α is the combustion
efficiency factor of the combustible (α�1 for complete
combustion; α usually ranges from 0.3 to 0.9); m is the mass
loss rate of the combustible, kg/s; and q is the average
calorific value of the combustible, kJ/kg. (e combustion
heat value of rubber is 35×103 kJ/kg.

Figure 3 shows that the heat release rate of the rubber
cable sample with a airflow rate of 2m3/min. When the
temperature reaches a certain level, the top layer of rubber
begins to crack, producing volatile gas which is ignited to a
certain concentration. (en, the heat release rate increased
sharply in a short time and reached its peak value as pyrolysis
combustible gas increases. With the supply of air, the cable
sheath is in contact with oxygen constantly and the heat
release rate enters a steady stage, making the combustion
continue.

3.2. Gas Temperature Changes in the Combustion Progress.
(e fire gas temperature refers to the airflow temperature
measured in the middle of the section as the representative
temperature in the tunnel. A1–A5 temperature curves are,
respectively, represented by different colour curves. Fig-
ures 4 and 5 show that the oxygen supply for the combustion
in the tunnel is more sufficient with an 11Hz fan. (e
temperature in the developing stage is relatively stable, while
the inflection point in the attenuation stage is also obvious.

(e fire gas temperatures of A1–A5 (see Figure 5) with
the double cable are higher than their corresponding values
with the single cable (see Figure 4). (e maximum fire gas
temperatures of the single cable and double cable are
170°C–180°C and 400°C–500°C, respectively.

3.3. Flame Spread Speed. Figure 6 presents the variation
curves of cable flame speed under different fire loads with a
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fan frequency of 11Hz. According to the test results, the
flame speed of the cable increases with the fire load. (is is
because, in a confined space, heat released by a large number
of cables is easy to gather and the cross-radiation among
cables is obvious and can preheat the unburned cables and
facilitate their combustion.

Moreover, as the combustion spreads continuously, the
flame speed decreases and an inflection point appears, in-
dicating that the flame in the binding joint or the lap joint
will also affect the flame combustion speed.

Fan Camera

A1 A2 A3 A4 A5

Fire source

Figure 1: Tunnel platform.

Figure 2: (e image of the cable sample.
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Figure 3: Heat release rate of the rubber cable sample with an
airflow rate of 2m3/min.
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Figure 4: Temperature curves in the tunnel with a single cable with
a fan frequency of 11Hz.
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Figure 5: Temperature curves in the tunnel with a double cable
with a fan frequency of 11Hz.
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When the fan frequency increases to 15Hz, the com-
bustion spread length keeps decreasing until the fire is
extinguished, demonstrating that excessively high wind
speed inhibits combustion. (is is mainly due to the airflow
cooling effect which can produce disturbance to the cable
flame. As a result, the obtained heat of the unburned area
decreases and the flame speed slows down. (e cable fire
spread length also decreases accordingly.

3.4. Characteristic Analysis of Flame Spread. In the experi-
ment, the flame spread processes of single cable and double
cable are recorded by high-speed camera. (rough ob-
serving, it can be found that the combustion begins when the
thermal contact temperature from the ignition source is
within the ignition limit and the temperature is higher than
the ignition point. Figure 7 presents the flame spread images
of the cable combustion under no wind conditions. (e
flame shape varies with time: it changes from single-peak fire
to double-peak, then to triple-peak, while the length of flame
spread keeps increasing.

With increasing smoke in the tunnel, the contact be-
tween the cable and oxygen is disturbed. One hundred and
forty three seconds after the combustion starts, it enters the
decaying stage and will be extinguished at 202 s. It can be
concluded that the rubber cable keeps burning due to the
thermal decomposition of the heated combustible. As long
as the heat supply to the cable is sufficient to sustain the rate
of polymer degradation required by the flame, the com-
bustion will continue, otherwise, the flame will die out.

Figure 8 presents the flame spread images of the single
cable combustion with the fan frequency of 11Hz.(e flame
burns along the wind direction at this fan frequency. At
129 s, part of the heat energy generated by the gas flame flows

to the unburned area, causing thermal decomposition of the
polymer. (e combustible gas produced by the thermal
decomposition then combines with oxygen in the air, which
promotes the combustion flame spread without
interruption.

At 311 s, the flame is affected by the temperature and
pressure gradient in the tunnel as well as the throttle effect
on the downwind side of the fire source. Fresh air flows to
the fire source on the bottom of the tunnel along the wind
direction, while the smoke flow generated by the fire
source flows reversely on the ceiling of the tunnel on the
upwind side and rolls back to the fire source. (e backflow
smoke can make the combustibles on the windward side
catch fire. Meanwhile, the rolling smoke flow in the tunnel
may induce a gas explosion when it mixes with fresh air on
the windward side of the fire source and flows back to the
fire source again.

(e molten appears at 1244 s. As the burning molten
gradually detaches from the wire, the cable flame jumps
wildly. (e droplet separated from the cable appears to be
burnt as it falls off from the cable. At this dropping moment,
the flame above the cable becomes thinner and longer and
the flame volume decreases obviously [18–20].

Figure 9 shows the flame spread images of the double
cable combustion with the fan frequency of 11Hz. At 64 s,
the fire enters the developing stage. (e heat generated by
the double cable accumulates so that the flame height and
fire spread speed are significantly faster than those in the
scenario with the single cable.

(e temperature of the heated cable increases drastically
at 449 s. Since the temperature is higher than the melting
temperature or viscous flow temperature, the cable will be
gradually softened until the molten flows at 452 s.(is is due
to the breakdown of the thermoplastic polymer which makes
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Figure 6: Flame spread curve of different cable with a fan frequency of 11Hz.
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its molecular weight and viscosity decrease. (erefore, more
and more molten drops or melt were produced. (e droplet
has a higher temperature after a long-distance drop, which

can ignite other combustibles. (e scope of the fire may
expand if it is not dealt with, causing the rapid development
of fire and serious consequences.

(a) (b) (c)

(d) (e) (f )

Figure 7: Images of flame spread under calm condition. (a) t� 4 s, (b) t� 8 s, (c) t� 18 s, (d) t� 43 s, (e) t� 67 s, and (f) t� 143 s.

(a) (b) (c)

(d) (e) (f )

Figure 8: Images of a single cable flame spread at a fan frequency of 11Hz. (a) t� 129 s, (b) t� 131 s, (c) t� 311 s, (d) t� 1205 s, (e) t� 1244 s,
and (f) t� 1277 s.
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4. Conclusion

(1) (e heated flame-retardant cable can be decomposed
and catch fire. Under certain wind speed conditions,
partial heat generated by the flame gas flows to the
unburned areas so that the polymer in these areas
will be decomposed and start burning. (e wind
speed keeps increasing and suppresses the com-
bustion until the fire is extinguished. As a result, the
wind speed can affect the cable fire spread.

(2) In the combustion process, the cable exhibits molten
flow phenomena, producing a large amount of
molten with the change in the flame shape. (e
melting drops with a higher temperature after the
long-distance travel can ignite other combustibles.

(3) (e flame is affected by the temperature and pressure
gradient in the tunnel as well as the throttle effect on
the downwind side of the fire source. (e backflow
smoke phenomenon is produced. Meanwhile, the
smoke flow rolling back in the tunnel mixes with
fresh air on the upwind side of the fire source and
flows back to the fire source again, which may induce
a gas explosion.
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ASP (alkali-surfactant-polymer) is acknowledged as an e�ective technology to improve the oil recovery. �e microscopic
displacement e�ciency and macroscopic sweep e�ciency have been discussed in detail for the past few years. However, de-
velopment performance, especially pressure characteristics, needs to be further studied. �is paper aims to explore the pressure
evolution performance during ASP �ooding, of which the results will shed light on development characteristics of ASP �ooding.
�e study on ASP �ooding pressure �eld development is conducted by laboratory and numerical methodology. A large sandpack
laboratory model with vertical heterogeneous layers is used to monitor pressure performance during the ASP �ooding. With the
help of interpolation methods, a precise and intuitive pressure �eld is obtained based on pressure data acquired by limited
measurement points. Results show that the average formation pressure and its location are changing all the time in the whole
process. In addition, the in�uence of heterogeneity and viscosity on recovery and pressure is also probed in this paper. We built a
numerical simulation model to match the experiment data considering the physical and chemical alternation in ASP �ooding.
Also, response surface methodology (RSM) is adopted to obtain the formula between pressure functions and in�uencing factors.

1. Introduction

After a long period of natural depletion and water�ooding,
there are still considerable proportions of crude oil that are
untapped in the reservoir, especially for heterogeneous
reservoirs, leaving about 50%∼67% original oil in place [1].
�erefore, how to enhance oil recovery (EOR) is the key to
develop the remaining oil left in the reservoir and increase
oil production rate. Chemical �ooding technology has the
potential to play an important role in unlocking the hy-
drocarbon resources left behind after natural depletion and
water�ooding stages in mature reservoirs [2–4]. Now that
quantities of physical and chemical reactions between �uid
and rocks exit in the reservoir [3, 5–8], there are still many
problems in the process of chemical �ooding. Many re-
searchers have studied the e�ects of salinity [9], dehydration
[10], shear stress [11], etc. on production and developed
many new chemical agents. Zhao et al. [9] developed a new
antisalt polymer that was prepared by produced water and
was successfully applied in low-permeability reservoirs.�ey

found that this new polymer outperformed HPAM in terms
of viscosity, stability, resistant factor, and core displacement
experiment. Zhao et al. [10] also studied the e�ect of
composition and brine concentration on gel compression-
induced dehydration. �e results showed that damage oc-
curred inside the gel after compression due to some mi-
croscopic fractures.

Alkali-surfactant-polymer (ASP) �ooding, as a prom-
ising chemical EOR technology, has greatly attracted at-
tention in recent years [12–14]. For example, the ASP
�ooding test conducted in Daqing Oil�eld con�rmed that
about 20% additional OOIP was recovered [15]. �e ASP
�ooding mechanism includes the individual mechanism of
each of its components and their synergism. Polymer is
responsible for improving mobility ratio and increasing the
sweep e�ciency, while diminishing viscous �ngering issues
and creating a smooth �ood front in the reservoir [16].
Another mechanism of the polymer is that there is a large
normal stress exerted on the residual oil droplets and oil
�lms due to its high viscosity. �us, the residual oil
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saturation will decrease; in other words, the microscopic
displacement efficiency will increase [17]. In addition, as for
heterogeneous reservoirs, polymer plays an important role
in profile control and increases the vertical sweep efficiency.
(e mechanism of surfactant is low interfacial tension (IFT)
effect. Waterflooding becomes ineffective as the oil is
trapped in the small pore by capillary forces; therefore, the
residual oil appears. And the indicator that characterizes
whether the residual oil can flow is defined as capillary
number (Nc). (e larger the capillary number, the more
easily the residual oil flows. After the waterflooding stage, the
capillary number is estimated to be about 10− 7 [18]. An
increase in the capillary number to around 10− 5 is required
to produce additional oil after waterflooding [19, 20]. And
the surfactant in ASP can practically increase the capillary
number by about 1000 times through its low IFTeffect, thus
unlocking the residual oil. Besides, the emulsification of the
surfactant can hamper the breakthrough along the main
streamline and increase sweep efficiency [21]. And for oil-
wet reservoirs, the surfactant can alter the wettability of the
rock surface to water-wet, which is beneficial to microscopic
displacement efficiency. Alkali reacts with the natural or-
ganic acids (naphthenic acid group) present in the crude oil,
forming an in situ surfactant (different from the injected
surfactant) at the oil-water interface which reduces the
interfacial tension (IFT) [22]. And alkali also possesses the
emulsification and wettability alternation effect.

(e synergies of ASP may be summarized as follows: (1)
there is a competition of adsorption between the polymer
and the surfactant; thus, the addition of polymer can reduce
the adsorption of surfactant on rock surfaces [23]. (2) Alkali
also reduces the surfactant adsorption, which makes the
surfactant work more efficiently and reduces costs. (3)
Polymer helps to stabilize emulsions due to the emulsifi-
cation of surfactant and alkali, which contributes to im-
proving the sweep efficiency. (4)(ere are synergies between
soap (generated from the reaction between alkali and or-
ganic acid) and injected surfactant. And the mixed system
possesses stronger IFT reduction and emulsification effects.
(5) Polymer can react with Ca2+ and Mg2+ to prevent the
surfactant from becoming calcium and magnesium salt of
low activity. (6) It was reported that the decrease of water
production was not only related to the increase of the vis-
cosity of displacing fluid but also related to emulsification
and scaling after injection of ASP slug [24]. (7) Molecular
chain of polymer combines with the nonpolar part of the
surfactant to form association under the salt condition.
Besides, the interaction between the surfactant and the
polymer changes the configuration of polymer aggregation
and stretches molecular chain, thereby increasing the vis-
cosity of displacing fluid [21].

Although ASP flooding has been proven to be an ef-
fective method for enhancing oil recovery and has been
fruitful in actual oil fields [25–27], due to the late birth of this
technique, its enhanced recovery mechanism and charac-
teristics, especially the evolution of pressure field, remain to
be explored. Physical experiments [27–29] and numerical
simulation [30–34] about ASP have been conducted in re-
cent years. Li et al. [35] studied performance of ASP systems

and effects of the individual component. Wang et al. [36]
established the loss law of ASP systems, and they also found
that formation damage is available in the ASP flooding EOR.
Delshad et al. [31] developed a simplified ASP numerical
model considering a large number of reactions, and several
ASP pilots were successfully modelled. However, as an
important indicator of the effectiveness of ASP flooding,
pressure gained little attention in the past. So, how does
pressure evolve at various stages of ASP flooding? What is
the difference between the pressure in the near-well zone
and that in the deep reservoir? How to guide the injection
process of ASP flooding in actual oil fields according to the
evolution characteristics of pressure field? (ese questions
will become the research content of this paper.

In this study, a large sandpack heterogeneous model is
used to study development performance and pressure
characteristics of different ASP flooding stages. Recovery
and pressure are recorded dynamically. Average pressure
front, the distance between the inlet and the average pressure
front, and area ratio are proposed to characterize the
pressure evolution process. In addition, different experi-
mental conditions (different viscosities and heterogeneities)
are provided to discuss adaptability of heterogeneous res-
ervoirs to ASP flooding. Lastly, evolution characteristics of
the pressure field are obtained by experimental and nu-
merical methods to gain response expression between
pressure and injection parameters, which helps engineers
design better project plans to extract the residual oil in an
oriented way.

2. Material and Method

(e physical simulation about ASP flooding pressure field
development is conducted in this section. A large three-layer
heterogeneous laboratory model was employed to monitor
the pressure field of different stages in ASP flooding. It could
provide reference and fundamental for numerical simulation.

2.1. Laboratory Model. (e laboratory model used in this
experiment was a 60 cm× 60 cm× 4.5 cm sandpack model
with high/middle/low-permeability layers from top to bot-
tom in order to represent heterogeneous formation. It was
equipped with limited measurement points to obtain
pressure data that reflect actual pressure field through the
interpolation method.

Restricted to the size of the laboratory model, the
amount of measurement points was limited and excessive
measurement points also brought complex to the data ac-
quisition procedure. So, how to achieve the most precise
reduction by means of those measurement points and si-
multaneously simplify the experiment procedure as much as
possible were our primary task. (ere were numerous
measurement point configurations, such as Full-Matrix,
Semimatrix, Side Bidirectional Axis, and Full +One-way
Axis, which are shown in Figure 1.

To optimize the pressure monitor system, reduction rate
and saturation rate were defined. (e reduction rate is
defined as
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P �
n

N
, (1)

where n is the number of valid measurement points (mistake
is less than 5%) and N is the total number of measurement
points. A waterflooding pressure field was available by in-
terpolating pressure data of measurement points. By com-
paring the interpolation results and numerical simulation
results, the reduction rate could be calculated naturally.

(e effect of oil saturation process was the key basis for
the success of the experiment. Based on numerical simu-
lation, the optimal saturation mode (injection order and
relationship between injection and production) and corre-
sponding saturation rate under different pressure mea-
surement point arrangement modes were obtained, which
guided saturation process in the experiment.

(e saturation rate is defined as

η �
1 − Sw

1 − Swc

, (2)

where Sw is the average water saturation and Swc is the
residual water saturation.

(e optimization of saturation process is shown in
Figure 2. Different saturation orders were designed to cal-
culate saturation rate through numerical simulation.

(e optimization process of measurement point detec-
tion (including number, configuration, and saturation
process) is shown in Figure 3. (us, the Side Bidirectional
Axis pattern achieved the largest reduction rate and would
act as the candidate for pressure measurement configuration
of our laboratory model, which is depicted in Figure 1(d).

(e interpolation method was crucial for reduction
results of the pressure field. Quantities of interpolation
methods were available (e.g., “Inverse Distance to a Power,”
“Kriging,” and “Minimum Curvature”) to accomplish our
goal, whereas there was slight distinction between them for
our measurement point configuration. Figure 4 shows the
optimization process of the interpolation method. We can
see that the kriging method possessed the highest precision,
which would be adopted for future study.

In conclusion, the final laboratory model is depicted in
Figure 5.

In order to explore the influence of heterogeneity on
pressure field improvement, models of 3 kinds of

(a) (b)

(c) (d)

Figure 1: Available measurement point configurations. (a) Full-Matrix. (b) Semimatrix. (c) Side Bidirectional Axis. (d) Full +One-way Axis.
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heterogeneity and 2 kinds of mobility were designed. Table 1
lists permeability and injection viscosity of each model.

2.2. Experiment Material

2.2.1. ASP

(1) Alkali. To lower the caustic consumption of NaOH/
Na2SiO3, sodium carbonate (Na2CO3) was selected instead
as the alkali agent in the flooding [5, 6]. (e active alkali
content is 99.5%.

(2) Surfactant. Because of relatively low adsorption on
sandstone, XPS anionic petroleum sulfonate was employed
as the surfactant in the chemical preparation. (e active
surfactant content is 38.8%.

(3) Polymer. (e typical synthetic polymer we used was
partially hydrolysed polyacrylamide (HPAM) (Daqing Re-
fining & Chemical Company, China), which is a water-
soluble polyelectrolyte with negative charges. (e solid

content is over 90%, hydrolysis degree is less than 6%, and
the molecular weight ranges from 6 million to 10 million.

2.2.2. Oil. (e oil sample we used in the experiment was the
mixture of kerosene and crude oil. (e viscosity was
10MPa·s at 45°C (Table 2).

2.2.3. Formation Water. (e salinity of the formation water
sample was 4456mg/L, and the formula is shown in Table 1.

2.3. Experiment Equipment. (e whole displacement device
included data acquisition system, constant flux pump,
vacuum system, incubator, physical model, oil/water
metering system, and backpressure system (Figure 6). (e
temperature of the experiment was 45°C.

2.4. Experiment Procedures. (e whole experiment was di-
vided into five steps: sealing inspection; water saturation; oil
saturation; waterflooding; and ASP flooding (Figure 7).

Low-K measure well
Mid-K measure well
High-K measure well

Production well

Injection well

Saturation auxiliary well

IV V

III

III

(a) (b)

Figure 5: Layout of measurement points in the laboratorymodel. (a) Schematic diagram of the laboratorymodel. (b) Photo of the laboratory
model.

Table 1: Experimental conditions.

Number
Variable

Heterogeneity (mD) Injection viscosity (cp)
1 200 : 600 :1000 30
2 200 : 600 :1000 40
3 300 : 600 : 900 30
4 300 : 600 : 900 40
5 400 : 600 : 800 30
6 400 : 600 : 800 40

Table 2: Formula of simulated formation water.

Component Concentration (g/L)
NaCl 2.294
KCl 0.013
CaCl2 0.042
MgCl2 · 6H2O 0.172
Na2SO4 0.075
NaHCO3 1.86
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Due to numerous measurement points, sealing of the
laboratory model was a key factor to the success of the
experiment. As is shown in Figure 7(a), we used foam to
detect the leaky valves and repaired them with glue.

Particularly, during ASP flooding stages, the slug solu-
tion in each stage is shown in Table 3. After each slug so-
lution was made, added it to the intermediate container and
connected to the pipeline. (e injection rate was 1mL/min,
took samples every 30min to measure the oil production,
water cut, and water phase viscosity.

3. Results and Discussion

3.1. Development Performance. Development performance
is shown in Figure 8 (take model 1 as an example). In the
primary waterflooding stages, oil cut was 100%, and oil
recovery was increasing rapidly. At about 0.25 d of water-
flooding, water front reached the outlet of the model and
water cut rose sharply. And the recovery climbed steadily to
39.5% until waterflooding ended. (en, ASP flooding that
contained preflush, main, auxiliary, and postprotection
stages began. (e minimum water cut (67.1%) occurred at
the end of main slug stages. Since the end of main slug stages,

the synergistic effect of the ASP had decreased, and the water
cut had gradually increased due to the retention of a large
amount of the chemical agent in the pores (especially near the
inlet). (e pressure near the outlet maintained a high level.
Finally, the subsequent waterflooding supplemented the slug
displacement energy. (e viscosity of the production fluid
began to decrease significantly and returned to the initial level.
All pressures also began to decrease, and when the water cut
rose steadily to 98%, the entire development ended.

Viscosity of the produced fluid is shown in Figure 9. In
the waterflooding and early stage of the main slug process,
viscosity of the produced fluid remained constant about
2.5MPa·s, which indicated that there was only water flowing
out of the model. At the end of the main slug stage, the ASP
system reached the outlet of the model, and viscosity of
effluent increased to over 10MPa·s. And when the subse-
quent waterflooding came, viscosity returned to the initial
level. Meanwhile, the shear thinning phenomenon of the
produced fluid was observed.

3.2. Water Cut. (e water cut curve is shown in Figure 10.
We can draw the conclusion that minimum water cut was
smaller and its appearance time was later under the

(a) (b) (c)

Figure 7: Experiment procedures. (a) Leak detection. (b) Water saturation. (c) Oil saturation.

Physical model

Data acquisition system

Constant flux pump

Vacuum system

Oil/water metering system

Backpressure system

Incubator

Figure 6: Experiment equipment.
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condition with higher injection viscosity. Water cut began to
decrease earlier but to a small extent as to the model with
strong heterogeneity. It was worth noting that, at the same
viscosity, the water cut curve fluctuation of the 200 : 600 :1000
model was more severe than the other two models, dem-
onstrating that themodel of strong heterogeneity was unstable
and it was prone to occur local breakthrough phenomenon.

3.3. Oil Recovery. Under the same conditions, the stronger
the heterogeneity, the greater the contradiction between
layers due to permeability difference and the lower the oil
recovery in the waterflooding stage (Figure 11). In the ASP

flooding stage, the model with weak heterogeneity can better
recover oil in the middle and low-permeability layers. For
models with the same heterogeneity, a greater enhanced
recovery corresponded to a higher viscosity of the injected
fluid. Due to the higher viscosity/concentration, injected
fluid could reduce the mobility ratio and improve the profile
(especially the high and the middle permeability layer) more
effectively. And this phenomenon was more remarkable in
the model with strong heterogeneity.

3.4. Liquid Production Index per Meter. Liquid production
index was an indicator of the production ability of oil wells.
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Figure 9: Viscosity change of produced liquid.

Table 3: Formula of each slug in ASP flooding.

Stage Injection volume
Mass fraction (%)

Polymer Surfactant Alkaline
Preflush slug 0.08 PV 100 0 0
ASP main slug 0.3 PV 98.5 0.3 1.2
ASP auxiliary slug 0.2 PV 98.9 0.1 1
Postprotection slug 0.2 PV 100 0 0

Water cut
Oil recovery

Waterf looding
Pref lush

Main

Auxiliary

Postprotection

Subsequent 
waterf looding

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
at

er
 cu

t/r
ec

ov
er

y 
ra

te

0.5 1 1.5 2 2.50
PV

Figure 8: Development performance of No. 1 experiment.
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Prediction of the liquid production index under different
water cut conditions was a main basis for the production
evaluation. In the ASP flooding stages, liquid production
index per meter showed a falling tendency (Figure 12),
which was ascribed to high viscosity of the ASP system. Due
to the increase of macroscopic sweep efficiency and mi-
croscopic displacement efficiency, liquid production index
restored to a certain degree in the main slug stages.

At the same viscosity, the liquid production index per
meter was at a lower level with stronger heterogeneity, which
was obvious in the preflush stage. Meanwhile, liquid pro-
duction increase during the main slug stage was not obvious.
After the auxiliary slug stage, viscosity and heterogeneity had
little effect on the liquid production index.

3.5. Pressure Field Development

3.5.1. One-Dimensional Reduction. As is shown in Figure 13,
the lower left corner was the inlet, the upper right corner was

the outlet, and the diagonal line constituted the main
streamline. In the one-dimensional pressure field develop-
ment reduction, we selected the main streamline as our
research objective.

(e pressure difference along the main streamline was
divided into four parts (Figure 14). In the waterflooding
stages, all 4 pressure differences were small and tended to
be stable at the end. (en pressure near the inlet increased
sharply as the preflush polymer was injected into the
model. (e pressure wave gradually spread forward along
the main streamline, and pressure in the middle also
began to climb. It was observed that the middle part
pressure soared, indicating the previous polymer solution
migrated ahead. During the late stage of the main slug, the
injected polymer travelled to the vicinity of the outlet,
causing the last two pressure differences (ΔP3 and ΔP4)
rose in turn but the amplitude was weakened. When
injecting postprotection slug, the value of 4 pressure
differences reversed.
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3.5.2. Two-Dimensional Reduction. (e interpolation
method was used to process the data collected at the
measuring point for the purpose of restoring the two-di-
mensional pressure field. Figure 15(a) shows the two-di-
mensional pressure field of different heterogeneities. From
the preflush to the auxiliary slug stage, pressure of model②
was lower than model ① but maintained a higher level in
the late period (the postprotection and the subsequent
waterflooding stage). (ere was an obvious breakthrough
along the main streamline in model ②. (e pressure
tendency of model ① was to rise primarily and then
dropped, while the pressure of model ② fluctuated in the
late stage.

Figure 15(b) is the two-dimensional pressure field of
different viscosities. (e pressure increased to a larger extent
and the pressure gradient was more obvious of highly vis-
cous system. For model②, because of the low displacement

intensity, the difference between three layers was relatively
small, and the moving rate was similar. Model① has a better
recovery in high and middle permeability layers (mainly the
middle permeability layer), andmodel② has better recovery
in middle and low-permeability layers (mainly the lower
permeability layer).

(e average formation pressure was a significant indi-
cator for reservoir energy, and it could be acquired via
interpolated data of two-dimensional reduction. It was a
steeply rising-falling-rising in fluctuation-falling process in
our experiment (Figure 16). (e preflush slug pressure rose
greatly but contributed little to the average formation
pressure. (e average pressure of the model with weak
heterogeneity was lower, but its pressure increasing scale in
the ASP flooding stage was much larger than that of other
models. And the pressure and pressure increasing scale were
at a higher level under the higher viscosity condition.
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Figure 17: Production dynamics and pressure field.
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(rough the above calculation and analysis, the corre-
sponding relationship between production dynamics and
the pressure field is depicted in Figure 17.

In order to compare pressure of each layer under dif-
ferent heterogeneous conditions, we made the subtraction
between pressure of the middle or low-permeability layer
and that of the high permeability layer (Figure 18). Due to
the resistance, the average formation pressure of the middle
and low-permeability layers was greater than that of the high
permeability layer. In the waterflooding stage, the model of
strong heterogeneity had a great pressure difference between
the middle and low-permeability layer, whereas in the ASP
flooding stage, the middle and low-permeability layer
possessed a great pressure difference in the homogeneous
model. (e model of weaker heterogeneity represented a

more frequent fluctuation of pressure difference, indicating
that the flow steering between layers was more sensitive and
frequent.

Based on the two-dimensional pressure field above, we
could find out the average pressure front characteristics
(Figure 19(a)). (e average pressure front figure reflected the
overall pressure level of different layers. We could see that the
pressure front became smooth in the late period of ASP
flooding, showing that the flow profile was improved. Model
② (weak heterogeneity) performed better in the subsequent
waterflooding according to its smoother pressure front. In
particular, as for the low-permeability layer, profile amelio-
ration of model ② performed better than that of model ①.

Figure 19(b) is the average pressure front of different
viscosities. Ascribed to low viscosity, there was an apparent
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front breakthrough phenomenon inmodel① in the preflush
and subsequent waterflooding stage. (e injection profile
modification on the high permeability layer of model① was
effective which was ascribed to stabilization effect on
pressure front of the high-viscosity injected agent. And the
low-viscosity agent was prone to enter the low-permeability
layer and improved its development effect.

Here, we define L was the distance between the inlet and
the average pressure front in the main streamline and d was
the distance between the inlet and the model centre point
(Figure 20). In this experiment, d� 39.6 cm.

And L versus injection volume (PV) curve of different
viscosities is shown in Figure 21. (e figure shows that, at
different viscosity conditions, L declined initially and rose
later. L was close to d and demonstrated a more stable
pressure front. And the most stable pressure front occurred
in the main slug stage. At low viscosity, the movement
amplitude of the pressure front was reduced, and declining
time was delayed. It was also concluded that the low-vis-
cosity agent had little influence on the middle permeability

layer but had a great influence on the high and low-per-
meability layer.

In order to make a deep sight in the pressure front
advancement, we defined the area ratio of the average
pressure front as

S �
S1

S2
, (3)

where S1 is the area enveloped by the pressure front and S2 is
the area of the rest part of the pressure field, which is il-
lustrated in Figure 22. (e pressure field would be more
uniform if S is closer to 1, and in this case, the development
performance was better.

Under different heterogeneity conditions, S initially
declined and rose later (Figure 23). In the preflush stage,
pressure near the inlet increased sharply, resulting in the
retreat of pressure front, so the value of S began to fall. And
the pressure field was likely to be more uniform during the
main and auxiliary stages for S< 1± 0.5. At the subsequent
waterflooding stage, S returned to a relatively high level.
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Figure 20: Schematic diagram of distance between the average pressure front and the inlet.
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Compared with the other layers, the area ratio of the
middle permeability layer decreased more obviously, re-
vealing the best profile control. (e area ratio of the rela-
tively homogeneous model was less than that of other
models, indicating that advancement of the pressure front
preferred to be more stable, which ensured a better devel-
opment performance.

In summary, with regard to the strong homogeneous
formation, the water cut curve performed a wide, shallow,
and more fluctuant funnel, which had poor production
ability. In addition, waterflooding and ASP flooding re-
covery were much lower. On the contrary, for the weak
homogeneous formation, the inlet pressure and average
pressure increasing scale of the ASP stage skyrocketed to a
larger extent, and in this case, achieving a good development
effect of the low/middle permeability and less contradiction
between different permeability layers. Viscosity of the in-
jected agent also made a difference to the ASP flooding
effect. When a high-viscosity agent was injected into the

reservoir, water cut would drop later and drastically, and the
ASP flooding would be more efficacious. Low-permeability
layer was attractive to the low-viscosity agent; thus, its
development status was ensured to be enhanced naturally.
And the high-viscosity agent was beneficial to profile con-
trol, which unlocked the untouched reserve.

3.6. Numerical Simulation Methodology. Given the pro-
duction data and chemical properties from laboratory test,
the numerical model was established all based on the data
acquired from the physical model. After history match, the
numerical simulation model was used to further study the
development process of the ASP flooding.

3.6.1. Numerical Simulation Model of ASP Flooding. At
present, most mechanisms could be characterized by the
commercial reservoir simulators, but there were still some
parts that cannot be described reasonably. In this section,
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Figure 22: Schematic diagram of the area ratio.
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considering the physical and chemical process during the
ASP �ooding, we established the numerical simulation
model on the basis of the CMG reservoir simulator. �e
factors that were considered in the model contain as follows:

(1) Adsorption. Due to the higher surface to volume ratio of
the rock, adsorption phenomenon would happen during the
ASP �ooding. �e adsorption caused the retardation of
surfactant transport [37]. And the adsorption was higher in
the low-permeability rock as it had smaller grain sizes, and
thus, it had a larger speci�c surface [38]. We preferred

the low adsorption so that the ASP agent would work
further.

�e adsorption was characterized by inputting a series of
isothermal adsorption curves, which were expressed as
Langmuir equation:

Ad �
A × ci
l + B × ci( )

, (4)

where ci is the component of �uid and A and B is the
constant related to temperature. It is noted that the maxi-
mum adsorption is A/B.

(2) Porosity and Permeability Reduction. When the polymer
passes through the porous medium, the adsorption due to
chemical or mechanical retention would reduce the pore
volume, thereby reducing the permeability of the formation.
It could be characterized by the following formula:

K �
k

Rk
, (5)

where k is the initial permeability of the formation; Rk is the
function of the adsorption and the residual resistance factor,
which is de�ned by

Figure 25: �e numerical simulation model.
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Figure 24: Relative permeability curves used in the simulator.
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Rk � 1 +(RRF − 1) ×
AD

ADMAXT
, (6)

where AD is the cumulative adsorption of the polymer per
unit volume rock, ADMAXT is the maximum of AD, and
RRF is the residual resistance factor, which can be deter-
mined through experiments.

(3) Viscosity. In CMG STARS, we used the nonlinear
mixture method to calculate the liquid mixed viscosity:

Ln μα( ) � ∑
nC∈S

i�1
f fαi( ) × Ln μαi( ) +N × ∑

nC∉S

i�1
fαi × Ln μαi( ),

(7)

where μα is the mixed viscosity, μαi is the viscosity of
component i, fαi is the weight of ith noncritical component
in the water or oil phase, and f (fαi) is the weight of ith critical
component in the water or oil phase.

Besides, since the ASP system is a kind of non-New-
tonian �uid, its rheology inevitably has an impact on its
viscosity. �e relationship between the shear velocity and
Darcy velocity was described as [7]

_c �
cfac × ul

∣∣∣∣
∣∣∣∣��������������

kabs × krl × ϕ × Sl
√ , (8)

where kabs and Φ are the absolute permeability and porosity,
ul, krl, and Sl are the Darcy velocity, relative permeability,
and saturation of some phase, respectively.

In addition, the salinity of formation water, emulsi�-
cation, and degradation were also considered in the nu-
merical model. Polymer, such as HPAM, is very sensitive to
the salinity of formation water. Due to the presence of
emulsi�cation, emulsion that has higher apparent viscosity
will form in the formation, thereby increasing the viscosity
of the ASP agent. �e degradation of the polymer con-
tributes to a lower viscosity of the ASP agent. All of the above
factors were integrated into the nonlinear mixture method.

(4) Inaccessible Pore Volume. As the macromolecular
polymer �ows through the porous medium, it may be
con�ned to the tiny throat. And those pores that are not in
contact with the �owing macromolecular polymer are called
inaccessible pore volumes (IPV) [8]. It is also veri�ed by the
experiment [25]. So, the e�ective porosity of the ASP agent
was de�ned as

ϕp �(1 − IPV) × ϕ, (9)

where ϕ is the initial porosity.

(5) IFT. Owing to the addition of surfactant and alkali, the
interfacial tension is signi�cantly reduced, resulting in an
increase in the capillary number (Nc) and a decrease in
residual oil saturation (Sor). �e synergistic e�ect of the
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Figure 28: Pressure �eld of the numerical simulation model.

Table 4: Values of in�uence factors in RSM.

Variables Value 1 Value 2 Value 3
Permeability (md) (kr) 300 600 900
Variation coe�cient (Vk) 0.27 0.41 0.54
Viscosity (cp) (μ) 30 40 50
Injection rate/(PV/a) (v) 0.2 0.25 0.3
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Table 5: Final schemes used in RSM.

Schemes Permeability (mD) Variation coe�cient Viscosity (MPa·s) Injection rate (PV/a)
1 600 0.408 30 0.2
2 600 0.408 50 0.3
3 600 0.272 50 0.25
4 600 0.408 40 0.25
5 300 0.544 40 0.25
6 900 0.272 40 0.25
7 300 0.408 40 0.2
8 900 0.408 30 0.25
9 300 0.272 40 0.25
10 600 0.408 40 0.25
11 900 0.408 50 0.25
12 300 0.408 30 0.25
13 600 0.408 40 0.25
14 600 0.408 40 0.25
15 600 0.408 40 0.25
16 600 0.408 50 0.2
17 600 0.272 30 0.25
18 600 0.544 50 0.25
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Figure 30: Continued.
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surfactant and alkali was characterized by inputting the
interfacial tension at di�erent concentrations.

(6) Relative Permeability Curve. �e relative permeability
curve would alter during the ASP �ooding. CMG STARS can
solve this problem through interpolation methods
(Figure 24).

A laboratory-scale 60 cm× 60 cm× 4.5 cm model was
established (Figure 25). All the parameters were identical to
the experiment above.

�e history match result is shown in Figures 26 and 27.
�e �tting degree of water cut was 92% and that of oil
recovery was 90%.

Figure 28 shows the oil saturation calculated by nu-
merical simulation. In the water�ooding stage, there was
obvious water advancing along the mainstream line. �e
development e�ect increased with the increase of perme-
ability, and the di�erence between layers was notable. In the
ASP �ooding, displacement e�ect on both sides of the
mainstream line was signi�cantly improved. �e sweeping
and displacement e�ciency were also continuously im-
proved, and the di�erence between layers was weakened.

3.7. Evolution Characteristics of Pressure Field of ASP
Flooding. �e evolution characteristics of pressure �eld of
ASP �ooding were going to be studied through response

surface methodology (RSM), including the heterogeneity,
mobility ratio, injection rate, and formation permeability.
And the values of these in�uence factors are listed in Table 4.

A total of 29 experimental groups were �nally generated
according to the RSM design requirements (Table 5). Sub-
stitute these data into the numerical simulation model, and
we can obtain the development performance and data for
future use.

We selected the following points, which are illustrated in
Figure 29, as our objective functions in RSM:

(1) P1: the pressure when the pre�ush slug stage ended
(2) Pmax: the maximum pressure of the main slug stage
(3) P2: the pressure when the main slug ended
(4) P3: the pressure when the auxiliary slug ended
(5) P4: the pressure when the postprotection slug stage

ended
(6) (Pmax − Pwf)/(P0 − Pwf): the increase magnitude of

pressure,
where Pwf is the well bottom pressure and P0 is the
pressure when the water�ooding ended.

(7) PVmax: �e injection volume when Pmax occurred

�en, RSM was carried out to explore the quantitative
relationship between in�uence factors and our objective
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Figure 30: �e response surface results.
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functions. (e response surface results are shown in Fig-
ure 30 (Take (Pmax − Pwf)/(P0 − Pwf) as an example). Ana-
lysing the response surfaces, we could obtain the conclusion
that a larger increase magnitude of pressure was corre-
sponding to a larger average permeability, a faster injection
rate, and a higher viscosity. With the increase of variation
coefficient, the increase magnitude of pressure declined
primarily, which was followed by a rise. And the influence
levels were sorted as injection rate> average
permeability> viscosity> variation coefficient.

Hence, the response expression of the increase magni-
tude of pressure was acquired:

Pmax − Pwf( 

Po − Pwf( 
� 2.65 − 1.1 × 10− 3

kr − 6.92Vk − 7.67

× 10− 3μ − 6v − 1.1 × 10− 4
krVk + 2.7

× 10− 5
krμ + 7 × 10− 3

krv + 0.02Vkμ

+ 3.37Vkv + 0.036μv − 8.1 × 10− 7
k
2
r

+ 6.35V
2
k − 1.1 × 10− 4μ2 + 22 v

2

(10)

and that of other objective functions emerged in the same
way.

4. Conclusions

(e following conclusions can be drawn from both exper-
imental and numerical results:

(1) Pressure field proved to be an effective indicator for
the development performance in the ASP flooding.
Pressure in the main slug stage increased dramati-
cally and began to decline in the auxiliary slug stage.
(e preflush slug stage contributed little to the av-
erage formation pressure.

(2) (e low-permeability layer was favourable for the
entry of low-viscosity injection fluid, thereby im-
proving its development effect. (e high-viscosity
fluid preferred to improve the flow profile.

(3) (e stronger heterogeneity resulted in the more
prominent contradiction between the low-perme-
ability recovery and profile improvement. Single-
viscosity slug was difficult to meet this contradiction.

(4) (e response surface methodology was used to de-
termine the relationship between pressure field and
development parameters.
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 e adsorption of polymers a�ects the cost and oil recovery in oil reservoir exploitation and the �occulation e�ect in the treatment 
of oil sand tailings.  e adhesion and adsorption of a hydrophobically modi�ed polyacrylamide (HMPAM), i.e., P(AM-NaAA-
C16DMAAC), on silica and asphaltene were investigated using surface force measurements, thermodynamic analysis and quartz 
crystal microbalance with dissipation (QCM-D) measurement. Our study indicates that HMPAM polymer has strong interaction 
with both silica and asphaltene.  e adhesion force of HMPAM on silica was stronger than that on asphaltene surface. Consistently, 
the adsorption of HMPAM was also greater on silica surface, with a more rigid layer formed on the surface. For HMPAM/silica 
system, the attractive interaction and the strong adhesion are mainly driven by the hydrogen bonding and electrostatic interaction. 
For HMPAM/asphaltene system, it is mainly due to hydrophobic interaction between the long hydrocarbon chains of HMPAM 
and asphaltene. Furthermore, continuous adsorption of HMPAM was detected and multiple layers formed on both silica and 
asphaltene surfaces, which can be attributed to the hydrophobic chains of HMPAM polymers.  is work has illustrated the interaction 
mechanism of HMPAM polymer on hydrophilic silica and hydrophobic asphaltene surfaces, which provide insight into the industrial 
applications of hydrophobically modi�ed polymer.

1. Introduction 

Recently, special attention has been focused on the hydropho-
bically modi�ed polyacrylamide containing relatively low 
amounts of hydrophobic monomers (~2 mol%). Di�erent hydro-
phobic monomers were reported, such as di-alkyl substituted 
acrylamides di-n-propylacrylamide, di-n-octylacrylamide [1], 
N,N‐dihexylacrylamide or N,N‐diphenylacrylamide [2], 
N-octadecylacrylamide [3], sodium 2-acrylamido-tetradecane 
sulfonate [4], 3-acrylamido-2-hydroxypropyl triakylam monium 
chloride [5], poly(propylene glycol) monomethacrylate [6], iso-
meric 11‐acrylamidoundecanoic acid [7], stearyl methylacrylate 
[8], sodium 9-(and 10)-acrylamidostearate [9], etc. Due to the 
intramolecular and intermolecular interaction between the 
hydrophobic groups, the enlargement of hydrodynamic volume 
of polymers increases the viscosity of hydrophobically modi�ed 
polyacrylamide aqueous solutions, and intermolecular associa-
tion may further enhance the viscosity [10].  e aqueous solu-
tion of these polymers is expected to show special properties, 

including temperature, salt, and shear resistances [11, 12].  e 
viscosity of hydrophobically modi�ed polyacrylamide solution 
does not decrease at high salinity when its concentration is larger 
than the critical aggregation concentration [13]. For example, a 
kind of hydrophobically modi�ed polyacrylamide based novel 
functional polymer (RH-4) at the concentration of 2000 mg/L 
has lower the apparent viscosity as NaCl concentration increase 
until ~2000 mg/L but it increased with the NaCl concentration 
at 2000–8000 mg/L [14]. In a semi-dilute solution of polyacryla-
mide with hydrophobic t-octylacrylamide group (0.5 wt.%), the 
zero-shear viscosity decreases with salt concentration at low salt 
conditions (0~ 0.3 M KCl), while it displayed a monotonically 
increase with salt concentration at high salt conditions (0.3 ~ 4 M 
KCl) [15]. NaCl was found to promote the association and 
adsorption of a hydrophobically modi�ed polyacrylamide on 
kaolin particles, resulting in higher �occulation eªciency [16]. 
 e adsorption isotherms of a hydrophobically associating pol-
yacrylamide on K-montmorillonite and on siliceous minerals, 
has shown di�erent behaviors compared with a nonassociating 
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polymer [17]. Another kind of hydrophobically modified poly-
acrylamide with monomers of acrylamide and 2‐(methacryloy-
loxyl) ethylhexadecyldimethylammonium bromide displays the 
adsorption of multilayer on natural sand [18]. Guo et al., sys-
tematically studied the flow behavior through porous media and 
microdisplacement performances of hydrophobically modified 
partially hydrolyzed polyacrylamide (HMHPAM) [19–21]. �ey 
found that hydrodynamic sizes of HMHPAMs were much more 
 sensitive to the polymer concentration, filtration pressure, and 
associating monomer content than partially hydrolyzed poly-
acrylamide, and had better an efficiency than glycerol and 
HPAM for displacing the residual oil trapped in the “dead” ends 
of flow channel at the same viscosity. With the excellent proper-
ties, hydrophobically modified polyacrylamide polymers have 
been applied in enhanced oil recovery (EOR) of oil reservoir 
exploitation [7, 22–26], emulsified oil removal from aqueous 
solution [27] and oil sand tailings treatment [28].

To be noted, the adsorption behavior of polyacrylamide 
directly affects its adsorption loss and the related cost  
[29, 30]. �e adsorption retention loss of polymer solution in 
reservoir pores should not be too large, so that the polymer 
solution in deep reservoir can keep sufficient concentration, 
and the reservoir near the injection well will not be blocked 
by large amount of polymer adsorption, which will affect the 
oil recovery. Also, the adsorption of flocculants would influ-
ence the flocculation efficiency in oil sand tailings treatment. 
�erefore, the adsorption and interaction mechanism of pol-
ymer at different solid/liquid interfaces are important for the 
application of hydrophobically modified polyacrylamide.

In this work, a hydrophobically modified polyacrylamide 
(HMPAM) was synthesized with a hydrophobic monomer 
hexadecyl dimethyl allyl ammonium chloride (~0.3 mol%). 
�e interaction and adsorption behaviors of HMPAM on silica 
and asphaltene surface were investigated using colloidal probe 
atomic force spectroscopy, thermodynamic analysis of inter-
action energy, and quartz crystal micro-balance with dissipa-
tion (QCM-D) monitoring technique. Our work revealed the 
fundamental interaction mechanisms between HMPAM and 
silica and asphaltene surface, which will benefit the develop-
ment of polymers in oil reservoir exploitation and oil sand 
tailings treatment.

2. Experimental

2.1. Materials. HMPAM were synthesized using the 
procedures described in our previous work [31, 32]. 
Diiodomethane, glycerol, hydrogen peroxide and sulfuric 
acid were purchased from Fisher Scientific (China). Ethanol, 
methylbenzene, Sodium dodecyl sulfate (SDS) and sodium 
hydroxide (NaOH) were purchased from Shanghai Aladdin 
Bio-Chem Technology Co., Ltd. Toluene was purchased from 
Nanjing Reagent (China). Octadecyltrichlorosilane (OTS, 
≥90%) was purchased from Sigma Aldrich, China. Water was 
purified by Milli-Q system. Nitrogen at 99.99+% purity levels 
was used to dry the surfaces. Silica sensors were purchased 
from Q-sense (Gothenburg, Sweden).

2.2. Preparation of Asphaltene Surfaces. Asphaltene was 
extracted from vacuum distillation feed Athabasca bitumen 
following the previous procedure [33, 34]. �e asphaltene 
sample was dissolved in toluene at the concentration of 
0.5 wt.%. �e asphaltene-toluene solution was sonicated for 
10 min and filtered through a 0.2 μm polytetrafluoroethylene 
filter (Nalgene) before use. Subsequently, the silica wafer was 
immersed in the piranha solution (7 : 3 vol./vol. concentrated 
H2SO4 : 30% H2O2) for 20 min and washed with ethyl alcohol. 
�en, the silica surface was rinsed thoroughly with copious 
amount of Milli-Q water and blown dry by nitrogen gas. �en 
the cleaned silica wafer was immersed in dilute asphaltene-
toluene solution (0.005 wt.%) for 12 h at 25°C. Finally, the 
prepared asphaltene surface was washed by toluene and dried 
by nitrogen gas before use.

�e asphaltene sensors for QCM-D were prepared by 
spin-coating asphaltene solution onto OTS-treated silica sen-
sors following the procedures shown in the literature [31]. 
Briefly, silica sensor was washed with 2% SDS, milli-Q water 
and UV/ozone followed the cleaning protocols provided by 
the Biolin Scientific. OTS was deposited on silica wafer by the 
vapor deposition as reported [33, 35]. Several drops of asphal-
tene were spin-coated on the OTS-treated silica sensor. �en 
the sensor was placed in vacuum overnight to remove any 
residual toluene.

2.3. AFM Force Measurements. �e interaction forces 
measurements between HMPAM and silica or asphaltene 
surface were conducted using an MFP-3D AFM instrument 
(Asylum Research, Santa Barbara, USA). �e HMPAM 
functionalized silica probes were prepared under the catalysis 
of EDC/NHS as described in the literature [36]. �e force 
measurements were conducted, also, as in the literature [36]. 
�e aqueous solution for the AFM force measurements was 
100 mM KCl. Force mapping mode was conducted to analyze 
the interactions for at least 100 times at more than 3 different 
areas of the silica or asphaltene surfaces.

2.4. Characterization. �e surface morphologies of silica and 
asphaltene surface before and a�er adsorption of HMPAM 
were imaged by the tapping mode. �e surface wettability 
was characterized by KRUSS DSA100 (Hamburg, Germany) 
instrument. �e errors of the contact angles at more than 3 
different areas were less than ±2%, and the average contact 
angles were used. �e QCM-D analysis was carried out to 
measure the in-situ adsorption kinetics of HMPAM using a 
Q-sense E1 system (Q-sense, Gothenburg, Sweden).

3. Results and Discussion

Figure 1 shows the different wettability of silica and asphaltene 
surfaces. �e water contact angles of silica and asphaltene sur-
faces were 36.7 ± 1.5° and 82.2 ± 2.1°. Asphaltene is more 
hydrophobic than silica surface. Both silica and asphaltene 
surfaces were submerged in 20 mg/L HMPAM of 100 mM KCl 
solution. A�er 3 hours, the surfaces were washed with 100 mM 
KCl solution, then the morphology of the surfaces was 
observed a�er being dried by nitrogen gas. In Figure 2, the 
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AFM imaging shows silica exhibits a smooth and uniform 
morphology, and the root-mean-square surface roughness 
(��) is only 0.06 nm. A¬er adsorption of HMPAM, the �� of 
silica surface increases to 0.75 nm. Di�erently, asphaltene sur-
face is rougher with the �� of 0.68 nm. A¬er adsorption of 
HMPAM, the asphaltene surface becomes slightly smoother 
with �� of 0.61 nm, which might be due to the large amount 
of HMPAM adsorption.

To measure the interaction between HAMPAM and silica 
and asphaltene, force measurement was carried out as shown 
in Figure 3. It shows an attraction between HMPAM and silica 
surface at up to 10 nm distance during approaching in 100 mM 
KCl solution (Figure 3(a)). It is also attraction between 
HMPAM and asphaltene surface (Figure 3(b)). But the attrac-
tion distance on asphaltene is longer up to 20 nm, which could 
attribute to the larger roughness of asphaltene surface and the 
hydrophobic interaction between the hydrophobic asphaltene 
surface and HMPAM. During retraction, jump-out behaviors 
were detected on both silica and asphaltene surfaces, indicat-
ing the adhesion between HMPAM and silica/asphaltene sur-
face. Force mapping was carried out on silica and asphaltene 
surfaces to statistically obtain the adhesion forces. In 
Figure 3(c), the �

adh
 of HMPAM on silica surface was 

3.30 ± 0.56 nN, slightly larger than on asphaltene surface at 
2.96 ± 0.41 nN.  is result indicates that the adhesion between 
HMPAM and silica surface is stronger than that between 
HMPAM and asphaltene surface.

 e curved probe surface and �at substrate can be corre-
lated according to the Johnson−Kendall−Roberts contact 
mechanics model [37, 38] as follows.

where �
adh

 is the adhesion energy (mJ/m2), � the radius of 
the probe (�).

 e measured adhesion energies of HMPAM are 0.350  
mJ/m2 on silica and 0.278 mJ/m2 on asphaltene, respectively. 
Generally, the adhesion interaction can be ascribed to van der 

(1)�
adh
= 1.5���

adh
,

Waals force, electrostatic interaction, hydrogen-bonding and 
hydrophobic interaction.  e van der Waals interaction is 
generally weak in the aqueous medium and only works in a 
few nanometers of the two surfaces.  e Debye length, describ-
ing the range of the electric double layer was 0.96 nm in 
100 mM KCl.  us, for hydrophilic silica surface, the adhesion 
can be induced by both electrostatic interaction between 
amine group in HMPAM and silica surface, and hydrogen 
bonding interaction between the C=O, NH2 groups of 
HMPAM and the –OH group on silica surface. Besides, the 
silica surface can be mildly hydrophobic with water contact 
angle of 36.7 ± 1.5°, according to the literature [39, 40].  ere 
could be hydrophobic attraction between HMPAM and silica 
surface. For asphaltene surface, hydrophobic interactions may 
dominate the adhesion, which is between the hydrophobic 
domains on asphaltene surface and the long hydrocarbon 
chains of HMPAM. It indicates that HMPAM has the capabil-
ity of attracting with both silica and asphaltene by various 
interactions.

Surface thermodynamic characterization of the HMPAM 
coated silica and asphaltene surfaces has been assessed to bet-
ter understand the interaction of HMPAM on these surfaces. 
According to the Van Oss-Chaudhury-Good theory, the sur-
face free energy of solid is composed of the non-polar part 
and polar part [41, 42].  e surface energy of solid can be 
calculated as follows.

where �
s
 (mJ⋅m−2) is the total surface free energy of solid, �LW

s

(mJ⋅m−2) the nonpolar part, referring to LIfshitz-van der 
Waals, �AB

s
 (mJ⋅m−2) the polar part, referring to short range 

acid-base interaction forces, �+
s
 (mJ⋅m−2) the acid part and  

�−
s
 (mJ⋅m−2) the base part.  e interface free energy of solid 

and liquid is expressed:

Young’s equation [43] is as follows:

where �
l
 (mN/m) is the surface tension of liquid, �

sl
 (mN/m) 

the interfacial tension of solid and liquid, �+�  (mN/m) the acid 
part of liquid, �−�  (mN/m) the base part of liquid, �(∘) the con-
tact angle, the �

a
 (J) is a adhesion work.

 us, combining the Equations (3), (4), and (5), there 
would be Equation (6):

Surface free energy can be calculated based on contact angles 
of three model liquids by the Equation (6).  e surface ten-
sions of three liquids, i.e., diiodomethane, glycerol and deion-
ized water, were shown in Table 1. Contact angles of the model 
liquids on silica and asphaltene surfaces before and a¬er the 

(2)�
s
= �LW

s
+ �AB

s
= �LW

s
+ 2(�+

s
�−
s
)1/2,

(3)�
sl
= �

s
+ �

l
− 2[(�LW

s
�LW
l
)1/2 + (�+

s
�−
l
)1/2 + (�−

s
�+
l
)1/2].

(4)�
s
= �

sl
+ �

l
cos�,

(5)�
sl
= �+

s
�−
s
�

a
,

(6)
�

a
= �1(1 + cos�) = 2[(�LWs �LWl )

1/2 + (�+
s
�−
l
)1/2 + (�−

s
�+
l
)1/2].

Figure 1:  Water contact angle on (a) silica and (b) asphaltene 
surfaces.

(a)

(b)
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(7)Δ�
adh
= Δ�LW + Δ�AB,

(8)

Δ�LW = 2 × [(�LW
w
)1/2 − (�LW2 )

1/2] × [(�LW1 )
1/2 − (�LW

w
)1/2],

(9)

Δ�AB =2 × {(�+
w
)1/2 × [(�−1 )

1/2 + (�−2 )
1/2 − (�−

w
)1/2]

+(�−
w
) × [(�+1 )

1/2 + (�+2 )
1/2 − (�+

w
)1/2] − (�+1 �−2 )

1/2 − (�−1 �+2 )},

adsorption of HMPAM were listed in Table 2.  e group of 
equations was solved when the contact angles were substituted 
to Equation (6) to estimate the surface free energy and its 
components.  e values of surface tension and components 
of the samples were collected in the Table 3.

 e surface free energy of silica is 57.40 mJ/m2, which 
agrees with the literature [45].  e �−

s
 of silica is 58.10 mJ/

m2, while that of asphaltene surface is 1.42 mJ/m2.  e �−
s
 is 

due to H-bonds, and the greater the �−
s
 is, the sample surface 

is more hydrophilic [42, 43]. It consists with the higher 
hydrophilicity of silica than asphaltene. A¬er adsorption of 
HMPAM, the �

s
 of asphaltene increased to 58.44 mJ/m2, 

while its �−
s
 remarkably increased to 33.03 mJ/m2. In con-

trast, the �
s
 of silica increased slightly to 63.32 mJ/m2. Its �AB

s

increased from 12.57 mJ/m2 to 19.64 mJ/m2, while the �LW
s

decreased from 44.83 mJ/m2 to 43.68 mJ/m2. To be noted, 
the surface free energy of both silica and asphaltene 
increased.

 e free energy Δ�(mJ/m2) of interactions between two 
solid surfaces can be calculated according to the following 
Equations [46].

Table 1: Surface tension and components (mN/m) of three model 
liquids [44].

Liquid �LW �+ �− �AB �
Diiodomethane 50.80 0.00 0.00 0.00 50.80
Glycerol 34.00 3.92 57.40 30.00 64.00
Water 21.80 25.50 25.50 51.00 72.80

5.0 nm

–5.0 nm

Height sensor 400.0 nm

5.0 nm

–5.0 nm

Height sensor 400.0 nm

5.0 nm

–5.0 nm

Height sensor 400.0 nm

5.0 nm

–5.0 nm

Height sensor 400.0 nm

Figure 2: AFM images of di�erent samples: (a) silica, (b) silica a¬er adsorption of HMPAM, (c) asphaltene, and (d) asphaltene a¬er adsorption 
of HMPAM.

(a) (b)

(c) (d)
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where �1 and �2 are the surface energy parameters of two solid 
surfaces, and �

w
 is the surface tension of water. When the value 

of Δ� is negative, the adhesion process will occur spontane-
ously.  e more negative the value of Δ� is, the more likely 
the adhesion process happens. In Table 4, the Δ� of the two 
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Figure 3: Typical force-distance pro�les of the HMPAM-coated silica 
probe on surfaces in 100 mM KCl solution: (a) silica, (b) asphaltene, 
and (c) summary of the adhesion.

Table 2: Contact angles of three model liquids on di�erent surfaces.

Di�erent surfaces
Contact angle (°)

Diiodomethane Glycerol Water
Asphaltene 55.6 57.9 82
Silica 28.5 27.5 36.7
HMPAM on asphaltene 34.5 29.2 34.3
HMPAM on silica 31.3 15.7 22

Table 3: Surface free energy (mJ/m2) of di�erent surfaces.

Di�erent surfaces �LW
s
�+
s
�−
s �AB

s
�
s

Asphaltene 31.12 3.48 1.42 4.45 35.57
Silica 44.83 0.68 58.10 12.57 57.40
HMPAM on 
asphaltene 42.27 1.98 33.03 16.17 58.44

HMPAM on silica 43.68 2.51 38.4 19.64 63.32

Table 4: Free energy of interaction (mJ/m2) between surfaces.

Surfaces Δ�LW Δ�AB Δ�
adh

Two asphaltene surfaces −1.65 −49.14 −50.80
Two silica surfaces −8.21 43.48 35.26
Asphaltene and silica −3.69 −16.22 −19.90
HMPAM adsorbed silica and 
asphaltene −3.53 −12.63 −16.16

Two HMPAM adsorbed silica −7.53 −30.68 −38.21
HMPAM adsorbed silica and silica −7.86 −41.13 −48.99
Two HMPAM adsorbed asphaltene 
surfaces −6.72 −33.67 −40.39

HMPAM adsorbed asphaltene and 
HMPAM adsorbed silica −7.11 −33.39 −40.50
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HMPAM and silica surface. On asphaltene surface, the attrac-
tion and adhesion may be attributed to hydrophobic interac-
tions between the long hydrocarbon chains of HMPAM and 
asphaltene. Furthermore, it was revealed that HMPAM per-
formed continuous adsorption and formed multiple layers on 
both silica and asphaltene surfaces, which could be attributed 
to the hydrophobic chains of HMPAM polymers.  is work 
has illustrated the interaction mechanism of HMPAM on 
hydrophilic silica and hydrophobic asphaltene surfaces, which 
provide insight into the development of polymers for applica-
tions in oil reservoir exploitation and oil sand tailings 
treatment.
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In this study, we examined the e�ects of di�erent temperatures and accelerators on the gelation (gel) time and compressive strength 
of a Polyethylene Terephthalate (PET)-type unsaturated polyester resin anchorage agent. First, the formation temperature of 20–70°C 
was simulated using self-made test equipment. N,N-Dimethylaniline (DMA), N,N-dimethylp-toluidine (DMT), and hydroquinone 
were selected as accelerators to determine gel time and heat release peak.  e gel time of an anchorage agent is strongly in�uenced 
by accelerant and temperature. When DMT, DMA, and hydroquinone were added at the same temperature, the gelation time 
increased; with increasing ambient temperature, the gelation time of the anchorage agent decreased.  e peak exothermic value of 
the curing reaction was less a�ected by the accelerator, and the peak exothermic value of the anchoring agent increased with the 
increase in ambient temperature.  en, the compressive strength of the anchorage agent, maintained at 20, 50, and 80°C for 1.5, 
6, 12, and 24 h, was measured. We found that the compressive strength of resin anchorage agent decreased signi¡cantly with the 
increase in temperature, and the addition of DMT can improve the compressive strength of resin anchorage agent slightly at the 
same temperature conditions. Finally, through Fourier transform infrared scanning analysis, we determined the intrinsic causes of 
the in�uence of temperature and accelerator on the gelation time and compressive strength of the anchorage agent.  rough SPSS 
¡tting analysis, an empirical formula for predicting gelation time based on ambient temperature is proposed. Our ¡ndings provide 
a basis for reasonable mixing time and support design optimization of anchorage support in deep stratum in high-temperature 
geothermal environments.

1. Introduction

In mine roadways, bolt support is used for timely and active 
load bearing, which can signi¡cantly improve the self-sup-
porting ability, and stability of the surrounding rock [1–3]. 
 e resin anchorage agent is an important part of the bolt 
support system.  ese agents have the advantages of cure 
quickly at room temperature, high bonding strength, durabil-
ity, and stability [4]. With increasing depths of coal mining, 
the average mining depth of most coal mines is about 650 m, 
and the formation temperature is 35.9–36.8°C. Some mines 
are now deeper than 1000 m, and the formation temperatures 
can be as high as 40–50°C.  e spontaneous combustion of 
coal during coal mining also results in high-temperature geo-
thermal environment [5–7].  e anchorage force on the bolt 

support system is o§en lower than the designed value due to 
the high-temperature geothermal environment in deep stra-
tum, thereby reducing the anchorage safety [8–10].

 e anchorage agent commonly used for bolt support in 
coal mine roadways is composed of unsaturated polyester resin, 
curing agent, accelerator, and ¡ller. Under the action of a curing 
agent, unsaturated polyester resin and monomers copolymerize 
to form bulk thermosetting polymer, as exempli¡ed in Figure 
1 [11]. Typical formulations are as follows: 100 copies of 
unsaturated polyester resin, 5 copies of curing agent, 1 part of 
accelerator, and 500–550 copies of stone powder. According to 
construction site requirements, the general anchoring agents 
are divided into four types: ultrafast, fast, medium, and slow 
speed according to gel time. Generally, the gel time of resin 
anchorage agent is adjusted using accelerants and curing agents.
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According to China’s MT 146.1-2011 standard [12], the 
gel time and mechanical properties of the anchorage agent are 
measured at 22 ± 1°C, and the high-temperature environment 
of deep mining is much higher than the standard temperature 
used when quantifying the properties of anchorage agents. 
 erefore, many scholars studied the in�uence of high-tem-
perature geothermal environments on bolt support. Hu et al. 
[13] used the laboratory tests and numerical simulations to 
study the e�ect of temperature on the anchorage performance 
of resin bolts.  eir conclusion was same as that obtained by 
Zhang et al. [14] at di�erent temperatures: with increasing 
temperature, the anchorage force of resin bolt decreases. Wang 
et al. [15–16] studied the change in the gelation time of resin 
and resin anchorage agent at −10–30°C, ¡nding that gelation 
time decreases signi¡cantly with increases in temperature.  e 
maximum temperature studied was 30°C, which is not suitable 
for guiding deep high-temperature bolt support. Nan et al. 
[17] studied the e�ects of curing temperature and curing agent 
type on the compressive strength, �exural strength, and elastic 
modulus of bisphenol F epoxy concrete.  e high temperature 
at greater depths and accelerant types considerably in�uence 
the gel time and mechanical properties of resin anchorage 
agents. Determining an accurate cementing time of an anchor-
age agent is important for the reasonable arrangement of con-
struction mixing and pallet installation time.  e change in 
the mechanical properties of anchorage agents directly impacts 
the anchorage e�ect and has a greater impact on the reliability 
of bolt support in deep strata.  erefore, it is important to 
study the e�ects of temperature and accelerant on the gel time 
and mechanical properties of resin anchorage.

Taking the commonly used PET (Polyethylene 
Terephthalate)-type unsaturated polyester resin anchorage 
agent as the research object, we systematically studied the 
e�ect of di�erent temperatures and accelerant types on the 
gel time, the peak value of heat release, and the compressive 
strength of the resin anchorage, and explored the changing 
mechanism through Fourier transform infrared (FTIR) 
scanning. SPSS regression analysis was used to analyze the 
function relationship between gel time (�gel) and environmental 
temperature (�) of di�erent types of anchorage agents to 
provide scienti¡c basis for safe and e�ective anchorage 
support systems in deep earth strata in high-temperature 
environments.

2. Materials

2.1. Resin. Resin is one of the main components of anchorage 
agents. Unsaturated polyester resin is the least expensive and 
performs the best; therefore, it is widely used in the production 
of resin anchorage agents [18–20]. Among them, PET is a kind 
of unsaturated polyester resin, which has excellent mechanical 
properties, strong chemical stability, and low costs [21].  e 
chemical formula and properties of PET unsaturated polyester 
resin are shown in Figure 2 and Table 1.

2.2. Accelerator. In this study, two accelerators, N,N-
dimethylaniline (DMA) and N,N-dimethylp-toluidine (DMT), 
were used to accelerate the gelation of the anchorage agent.  eir 
molecular formulas are shown in Figures 3 and 4, respectively. 
By adjusting DMA and DMT, di�erent cementing speeds of 
anchorage agent can be prepared at a standard temperature. 
According to experience, the total dosage of DMA and DMT is 
1% of the resin quality [22]. To achieve slow cementing of the 
anchorage agent, hydroquinone is usually added to the resin 
as an inhibitor.  e amount of hydroquinone is usually added 
according to the time of cementing. In this study, 0.04% of the 
resin quality was added to the anchorage agent [23].

2.3. Curing Agent. Unsaturated polyester resin is cured by 
radical-initiated polymerization, so it is necessary to use a 
redox initiator system.  e curing agent (MeiYa Updated 
High-tech Material Industry Co., Ltd, Huainan, China) used in 
this study was a mixture of benzoyl peroxide (BPO), calcium 
carbonate, and ethylene glycol.  e e�ective ingredient is 
benzoyl peroxide (BPO). Di�erent contents of BPO change the 
gelling time of anchorage agent. In this experiment, a curing 
agent with 7% BPO content and 5% of the total weight of the 
anchoring agent cement was selected.

2.4. Aggregate. In this test, the aggregate (MeiYa Updated High-
tech Material Industry Co., Ltd, Huainan, China) of the resin 
anchorage agent was stone powder, and the main composition 
and particle size distribution of stone powder were selected as 
shown in Tables 2 and 3, respectively. Because wet aggregates 
destroy the bonding force between the binder and aggregate and 
reduce the strength of the anchorage agent, the aggregate must 
be dried to a water content of 0.1% or less water [24].
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Figure 1: Anchoring agent curing reaction chemical equation.
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3. Experimental Campaign

3.1. Test Apparatus

3.1.1. Anchorage Gel Time Test Facility. To determine the gel 
time of the anchorage agent in di�erent formation temperature 
environments, it was necessary to create a constant tempera-
ture environment with di�erent formation temperatures. In this 
study, we reformed the DHG-9145A blast drying box (Yiheng 
Scienti¡c Instrument Co., Ltd, Shanghai, China) to create this 
environment.  e DHG-9145A type blast dryer is manufac-
tured according to Chinese national standard GB/T 10586-2006 
[25]. Its temperature control range is room temperature (RT) 
+10°C to 300°C, and its constant temperature �uctuation is 
±1°C.  e door of the blast drying box was  removed here.  e 
so§ insulation, made of 4 mm thick Polyvinyl chloride (PVC) 
so§ crystal board (commonly known as so§ glass) and 15 mm 
thick rubber-plastic sponge, was bonded to the opening of the 
blast drying box with epoxy resin and adhesive tape, as shown in 
Figure 5(a).  e so§ insulation door (Figure 5(b)) was divided 
into three layers.  e ¡rst and third layers are PVC so§ crystal 
plates with rubber sponges in the middle.  e three layers were 
bonded by epoxy and then ¡xed by bolts.  e physical drawings 
of the reformed blast drying box are shown in Figure 5.  e 
result was the creation of a constant temperature environment 
for the cementing test of anchorage agents, which was tested 
with an electronic digital thermometer, stopwatch, and elec-
tronic balance.  e experimenters wore gloves of long barrel 
cloth, and their hands were inserted through holes in the so§ 
heat insulation.

3.1.2. Anchorage Compressive Strength Test Equipment. For
the compressive strength test of the anchorage agent, we 
used a 101A-2 electric heating blast drying box to simulate 
the maintenance and growth of the anchorage agent in 
di�erent temperature environments. We used a universal 
testing machine to conduct the compressive tests. Figures 6 
and 7 show the universal testing machine and specimens for 
compressive strength test, respectively.

3.2. Test Methods

3.2.1. Gel Time and the Peak of Heat Release Tests of Anchorage 
Agent.  e testing of the changing trend in the gel time of the 
resin anchorage under di�erent temperatures and accelerators 
provides important reference information for reasonable mixing 
and tray installation time during the process of resin anchor 
installation. According to the Chinese coal industry standard 
MT146.1-2011 [12], the method used to measure the gel time 
of the resin anchorage agent is as follows: 100 g resin anchorage 
agent is placed in the center of the 150 mm polyester ¡lm; then 
the curing agent is ¡xed. Both are heated in a blast dryer for 
20 min for the temperature to reach the test temperature and 
the test is veri¡ed using an electronic thermometer.  en, both 
hands are used to quickly and evenly mix the resin mortar and 
curing agent. Starting from the mixing resin paste, a stopwatch 
is used to record the gel time of the anchoring agent to the time 
when the cement thickens and the temperature begins to rise. 
 e test block a§er the cementing of anchoring agent is shown 
in Figure 5(d).  e measurement of the peak of heat release 
of resin anchorage agent was carried out a§er the gel time test 
and then the temperature of the test blocks was read to get its 
maximum value.

3.2.2. Compressive Strength Test of Anchorage Agent. In the 
full-length anchorage support system, the anchorage agent acts 
as the bond between the bolt and the rock mass, and its own 
strength a�ects the stability of the anchorage. According to 
China Coal Industry Standard MT146.1-2011 [12], compressive 
strength test method involves using standard die to make 
40 mm cubic blocks in groups of three, as shown in Figure 7. 
A§er cementing, the test block is immediately removed from 
the mold and maintained in a 101A-2 electric heating blast 
drying box at di�erent temperatures.  e compressive strength 
test is conducted on the universal material testing machine. To 
control the temperature change of the test block to ±3°C, only 
one piece is removed in each test, and then the compressive 
strength test is conducted immediately.  e temperature of 
the test piece is simultaneously measured using a F8380 type 
infrared thermometer [26].

3.2.3. Test Scheme. Four kinds of resin anchoring agent 
cements with di�erent accelerator content were selected, and 
the resin anchoring agent cements were matched as shown in 
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Figure 2: PET unsaturated polyester resin.

Table 1: Resin liquid index.

Type Acid value 
(KOH mg/g)

Viscosity (25°C, 
mPa.s)

Heat distortion 
temperature (°C)

PET 10–20 550–650 50–55

H3C 3CH
N

Figure 3: N,N-Dimethylanilin (DMA).

H3C 3CH

3CH

N

Figure 4: N,N-Ddimethylp-toluidine (DMT).

Table 2: Main components of stone powder.

Component CaO SiO2 Al2O3 MgO Fe2O3

Percentage (%) 57.7 25.9 5.6 2.5 0.6



Advances in Polymer Technology4

resin quality, the gel time was 48.7 s. We added 0.7% DMA 
and 0.3% DMT of the resin to the B-type resin anchorage, the 
gel time was 58.7 s. For the C-type resin anchorage, we only 
added DMA. Compared with the A-type anchorage agent, with 
the decrease in the DMA content, the gel time of the B and 
C-type anchorage agents was 20.5% and 69%, respectively. 
 e adjustment of DMT content considerably a�ected the gel 
time change, whereas the amount of DMA had a relatively 

Table 4. In the test, the amount of curing agent was 5% of the 
quality of the resin anchoring agent cement.  e gelation times 
of di�erent types of resin anchorage were measured at 20, 30, 
40, 50, 60, and 70°C. Secondly, the compressive strength of the 
anchorage agent maintained at 20, 50, and 80°C for 1.5 h, 6 h, 
12 h, and 24 h was measured. To reduce the accidental error 
in the two tests, each group of tests was conducted three times 
and the average value was recorded.

4. Experimental Results and Analysis

4.1. E�ect of Temperature and Accelerant on Gelation Time 
of Resin Anchorage Agent. Figure 8 depicts the in�uence of 
di�erent accelerators on the cementing time of anchorage 
agent at standard temperature (20 ± 1°C). For the A resin 
anchoring agent, we added 0.6% DMA and 0.4% DMT with 

Bolt hole200mm

110mm

280mm

Rubber sponges PVC so� crystal plates

(d)(b)
¢Ù

¢
¢

(c)(a)

62
0m
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Figure 5: Gel time test device for resin anchorage agent. (a)  e photo of blast drying oven a§er transformation, (b) so§ insulation door 
sectional view, (c) electronic balance, and (d) anchoring agent gel time test sample.

Table 4: Proportion table of resin anchorage cement.

Type PET Stone 
power

Curing 
agent DMA DMT Hydro-

quinone
A 100 500 30 0.6 0.4 0
B 100 500 30 0.7 0.3 0
C 100 500 30 1 0 0
D 100 500 30 1 0 0.04

Table 3: Screening table for stone powder particles.

Type of stone powder 10–50 mesh 50–100 mesh 100–150 mesh 150–200 mesh 200–325 mesh
Coarse (%) 95.1 2.53 1.83 0.48 0.06
Fine (%) 10.7 17.2 10.6 44.1 17.4
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at 20 ± 1°C, respectively.  e D-type anchorage agent is a slow 
anchorage agent. With the change in temperature, the gel time 
changes sharply.  e gelation times were 547.6 s, 396.2 s, 
315.2 s, and 132.9 s at temperatures of 30, 40, 50, and 60°C, 
respectively.  e gelation time was 77.3 s at 70°C, which is 
87.2% lower than that at the standard temperature (20 ± 1 °C). 
As a kind of polymer, the gelling rate of resin anchorage agent 
is strongly in�uenced by temperature. Generally, the growth 
in polymer crystals depends on the speed of the di�usion and 
regular stacking of the segments toward the nucleus. With the 
increase in temperature, the viscosity of the polymer decreases, 
the activity of the segments increases, and the rate of crystal 
growth increases, so the gel rate increases [27].

stable e�ect on the gel time. By adding 0.03% inhibitor to D 
resin anchorage, the gel time increased to 605.6 s.  e addition 
of a micro inhibitor can greatly delay the gelation time.  e 
cementing time of the anchorage agent can be adjusted by 
adding di�erent accelerating doses to meet the di�erent ¡eld 
construction technology requirements.

Figure 8 also shows the e�ect of di�erent temperatures on 
the gel time of anchorage agent. As the temperature of the 
abscissa increases, the gel time of di�erent types of resin 
anchorage decreases.  e gelation times of the A-, B-, and 
C-type anchorage agents at 70°C were 11.7 s, 12.3 s, and 16.6 s, 
respectively, which is 76.0%, 79.0%, and 81.6% lower than that 

Universal test machine

Hydraulic control
system

So�ware control
system

Compressive strength test 

Figure 6: Diagram of compressive strength device used for testing the resin anchorage agent.

Figure 7: Specimens for compressive strength test.
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be selected and the optimum mixing time of the anchorage 
agent should be determined.

4.2. In�uence of Temperature and Accelerant on the Peak of Heat 
Release of the Resin Anchorage Gel.  e exothermic peak is an 
important index in the polymer gelation reaction in addition 
to the gelation time. Figure 10 shows that the exothermic peak 
of di�erent types of resin anchorage agent change little at the 
same temperature. Generally, the exothermic peak decreases 
slightly with increasing gelation time. Compared with type A, 
the exothermic peaks of the type D anchorage agent at 20°C 
and 30°C decreased by 9.38% and 8.28%, respectively. With 
the increase in the ambient temperature, the exothermic peak 
temperatures of di�erent types of anchorage agent increase 
and the di�erences in the exothermic peak temperatures 
between di�erent types decrease gradually.

For the same resin anchorage agent, the exothermic peak 
temperatures vary greatly under di�erent temperature envi-
ronments.  e thermal peak values of A, B, C, and D resin 
anchorage agents increased by 24.69%, 30.65%, 38.98%, and 
36.21% at 70°C, respectively.  e curing exothermic peak of 
resin anchorage agent is less a�ected by the type of accelerator 
and more a�ected by environmental temperature.

4.3. E�ect of Temperature and Accelerator on the Compressive 
Strength of Resin Anchor.  e test results of the compressive 
strength at di�erent temperatures are shown in Figure 11. At 
20°C, the compressive strength increases with the increase 
in curing time. Compared with the D-type anchorage agent, 
the A-, B-, and C-type anchorage agents have faster curing 
rates and faster increases in compressive strength.  e 24-h 

 e gelation time of resin anchorage is dependent on the 
chemical reaction rate, and the rate of chemical reaction is 
related to the activation energy of the curing reaction. 
According to the Arrhenius equation, the relationship between 
gel time (�gel) and curing reaction activation energy (��) is 
obtained [28]:

where �� is the activation energy of curing reaction, the molar 
gas constant R is 8.3144 J/(mol·K), T represents the thermo-
dynamic temperature, �gel is the gel time, and B is a constant 
term.

According to the experimental data of the anchorage gel 
time under di�erent temperatures, a straight line about lnK ~  
1/T was obtained.  e slope is the activation energy of the 
curing reaction. Taking the type A anchorage agent as an 
example, the Arrhenius relationship is shown in Figure 9.

 e slope of the straight line in Figure 9 is 3026.566. From 
equation (1), the activation energy of curing reaction of the 
type A resin anchorage agent was calculated to be 25.16 kJ/
mol. Similarly, the activation energy of curing reaction of 
several other anchorage agents can be calculated, as shown in 
Table 5.

 e inference from the integral equation of the Arrhenius 
equation is that in the same temperature range, the smaller 
the activation energy, the smaller the reaction rate.  erefore, 
the gel time of the anchorage agent is least a�ected by temper-
ature. From Table 5, the activation energy of the curing reac-
tion of A, B, C, and D anchorage increases gradually.  e 
longer the gel time of an anchorage agent, the greater the tem-
perature. Anchorage cementing is a kind of polymerization 
reaction.  e reaction rate has a limit, so the e�ect of the 
anchorage temperature on the faster the cementing rate is rel-
atively small. Generally, the type and temperature of the accel-
erator have a large in�uence on the gelling time of the 
anchorage agent. According to the speci¡c technical require-
ments and the in�uence of temperature and environment at 
the construction site, a suitable type of anchorage agent should 
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Figure 9:  Arrhenius relationship of curing reaction of resin 
anchorage agent A.
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Table 5: Activation energy of curing reaction for di�erent types of 
resin anchors.

Resin type A B C D
Activation energies (kJ/mol) 25.16 29.19 31.50 43.02
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increase in the ambient temperature, and the overall impact 
is small.  e ambient temperature strongly in�uences the 
compressive strength of the anchoring agent.  erefore, when 
designing the anchorage support for deep high-temperature 
mining roadways, the in�uence of the formation temperature 
on compressive strength should be considered, and the support 
parameters should be rationally optimized.

5. FTIR Scanning Analysis

 e curing products of type A and C resin anchoring agents at 
20°C, 40°C, 60°C, and 70°C were selected and analyzed using 
a Nicolet 460 infrared spectroscope (Nicolet Instrument 
Corporation Madison, WI, USA).  e FTIR spectra of the 
reaction products are shown in Figure 12.  e stretching vibra-
tions of hydroxyl O–H, C–H and carbonyl C=O are at 
3420 cm−1, 2870 −1, and 1790 cm−1, respectively, while the 

compressive strengths of A-, B-, C-, and D-type anchorage 
agents are 73.75 MPa, 73 MPa, 69.38 MPa, and 68.5 MPa, 
respectively.  e compressive strength of the anchorage 
agent improved slightly by adding accelerator DMT.  e 
compressive strength of the type A anchorage agent increased 
by 5.93% compared with type C, to which only DMA was 
added. With the increase in temperature, the in�uence of the 
accelerator on the compressive strength of the anchorage agent 
weakened at 50°C and 80°C, and the growth rate of curing 
accelerated. In the 80°C environment, the anchorage agent 
reaches its maximum strength in 6–12 h. In addition, with the 
increase in temperature, the compressive strength of di�erent 
types of resin anchorage agent decreased gradually. Taking the 
type A anchorage agent as an example, compared with 20°C, 
the compressive strength of the anchorage agent decreased 
by 32.88% and 53.38% at 50°C and 80°C, respectively.  ese 
results show that the e�ect of the accelerator on the compressive 
strength of the anchoring agent gradually decreases with the 
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Figure 11: Column diagram of compressive strength of resin anchorage agent at di�erent temperatures: (a) 20°C, (b) 50°C, and (c) 80°C.
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resin in di�erent temperature environments in the testing 
results is as shown in Table 6.

From Table 6, it can be seen that di�erent types of resin 
anchorage agents have di�erent change rates of gelation time 
at di�erent temperatures. As shown in Figure 13, by compar-
ing linear function, logarithmic function, exponential func-
tion, power function, and quadratic polynomial of curve 
¡tting coeÂcient, the quadratic polynomial was used to 
describe the relationship between gelation time and temper-
ature of resin anchoring agent.

 e functional relations between gel time (�gel) and tem-
perature (t) of A, B, C, and D types were shown in (2), (3), (4), 
and (5), respectively.

 rough the above research, we found that the gel time of 
the resin anchorage agent can be calculated under known for-
mation temperature, and a reasonable mixing time and time 
of pallet installation can be determined for use during the 
construction of the anchoring process to avoid excessive agi-
tation in anchorage support to reduce anchorage force.  e 
testing con¡rmed that the compressive strength of the anchor-
age agent itself decreases with the increase in ambient tem-
perature, and the ultimate bearing capacity of the anchorage 
agent usually decreases. To improve the reliability of the bolt 
support system in high-temperature geothermal environment, 
the strength of bolt support is usually increased by increasing 
the length and support density of the bolt support [30]. 
However, when the local temperature of the anchorage agent 
is too high, the compressive strength of the PET resin anchor-
age agent decreases too much, which could easily cause sup-
port failure. Given this situation, we developed a new type of 
anchorage agent, anchorage agent l, based on the existing PET 
anchorage agent mixed with FX-470 resin to modify the mix-
ing of PET and KH-570, and obtained a resin anchorage agent 
with high strength and excellent heat resistance to solve the 
problem of anchorage loss in high-temperature ground [31].

(2)A type : ���� = 72.917 − 1.398� + 0.007�2

(3)B type : �gel = 79.093 − 1.07� + 0.002�2

(4)C type : �gel = 152.949 − 3.666� + 0.025�2

(5)D type : �gel = 821.249 − 0.954� − 0.02�2

stretching vibration of the unsaturated double bond C=C in 
polyester is at 1690 cm−1, and the peak at 1400 cm−1 can be 
ascribed to the symmetric stretching vibration of ethereal 
groups C–O–C.  e peaks at 876 cm−1 and 730 cm−1 are derived 
from C–H group in benzene ring of p-phenyl-type [29].

Comparing the FTIR spectra of cured products of type A 
and C, it can be seen that the functional groups of the products 
of resin anchorage polymerization under di�erent tempera-
tures and accelerators are the same, and no new functional 
groups are produced.  e polymerization reaction occurs 
between the unsaturated polyester resin and styrene in the 
resin anchorage. With the increase in crosslinking degree of 
the polymer products, the number of C–H on the saturated 
alkyl group at 2870 cm−1 in the polymer will increase.  e ratio 
of the number of C–H at 2870 cm−1 to that of ethereal group 
at 1400 cm−1 in type A anchorage agent is larger than that of 
type C anchorage agent. It can be seen that the crosslinking 
degree of cured products of type A anchorage agent is rela-
tively high.  erefore, the addition of accelerator DMT 
increases both the curing rate and the degree of polymeriza-
tion of resin anchorage agent.  is conclusion reveals the 
intrinsic reason why the addition of DMT in the compressive 
strength test of resin anchorage agent can improve the com-
pressive strength of anchorage agent by a small margin.

6. Regression Analysis of Gel Time Law of 
Anchorage Agent

To better guide ¡eld production practice, statistical analysis 
so§ware SPSS (IBM, NY, USA) was used to complete the 
regression analysis on the gel time test data. Taking tempera-
ture as an independent variable, the functional relationship 
between gel time and the independent variables of the resin 
anchoring agent with di�erent accelerant contents was deter-
mined. Gelation time of the anchorage of di�erent types of 
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Figure 12: Fourier transform infrared (FTIR) scanning analysis of 
anchorage at di�erent temperatures.

Table 6: Gelation time of the anchorage of di�erent types of resin in 
di�erent temperature environments.

Environment temperature (°C) A (s) B (s) C (s) D (s)
20 48.7 58.7 90.3 605.6
30 35.7 46.8 62.9 547.6
40 30.2 41.1 49.2 396.2
50 22.1 28.7 27.8 315.2
60 15.3 20.1 25.0 132.9
70 11.7 12.3 16.6 77.3
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(2) Di�erent accelerators have little e�ect on the peak 
value of the heat release of the resin anchorage.  e 
faster the gel speed at the same temperature, the 
greater the exothermic peak. With the increase in 
ambient temperature, the peak value of the curing 
heat release for all kinds of resin anchorage increases. 
 e curing products of the anchorage agent at dif-
ferent temperatures and accelerators were analyzed 
by FTIR scanning, and the internal causes of the 
changes in gelation time and exothermic peak value 
were revealed at the micro level.

(3) Compressive strength tests under di�erent temper-
ature environments showed that the type of acceler-
ator has little in�uence on the compressive strength 
of the anchorage agent. Compared with the C-type 
anchorage agent, the compressive strength of the 
A-type anchorage agent increases by 5.93% when 
adding DMT, whereas the temperature change has a 

7. Conclusions

 e e�ects of di�erent temperatures and accelerators on 
gelation time and compressive strength of PET resin  anchorage 
were studied.  e results are summarized as follows:

(1)  rough the cementing time test of the anchorage 
agents, we found that the accelerator DMT is more 
active than DMA, and the trace hydroquinone 
inhibitor has a strong in�uence on the gel time.  e 
environmental temperature of 20–70°C was simulated 
using a designed test chamber, and the gelation time 
of the anchorage decreased with the increase in 
ambient temperature. According to the gel time and 
environmental temperature test data, the activation 
energies of curing reactions of the A–D anchorages 
were deduced to be 25.16 kJ/mol, 29.19 kJ/mol, 
31.50 kJ/mol, and 43.02 kJ/mol, respectively.
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greater impact on the compressive strength of anchor-
age agent, which decreased by 35.36% and 50.14% at 
50°C and 80°C, respectively.

(4)  Regression analysis based on the experimental data 
of the gel time and temperatures of different types of 
resin anchorages, completed using SPSS analysis so�-
ware, showed that the relationship between gel time 
and ambient temperature obeys the quadratic poly-
nomial function, providing a basis for determining 
reasonable mixing and tray installation time.
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