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Abstract: Temporary plugging and diverting fracturing (TPDF) is widely used to improve the stimu-
lation effectiveness in coal seam. To study the fracture propagation behavior during TPDF in coal
formation, a series of laboratory hydraulic fracturing experiments were performed on natural coal
samples. Based on the results of sample splitting and fracture reconstruction, the influences of
horizontal stress difference and the size of temporary plugging agent (TPA) as well as the concentra-
tion of TPA on hydraulic fracture growth were analyzed. Experimental results show that TPDF is
beneficial for improving the fracture complexity even under high stress difference of 8 MPa. When
the TPA of small particle size (70/100 mesh) was applied, the primary fracture could not be fully
blocked whereas increasing the particle size of TPA to 20/40 mesh tended to cause accumulation and
bridging in the wellbore, resulting in an abnormally high fracturing pressure. TPA with particle size
of 40/70 mesh tended to be a reasonable choice for the target formation, as it could form effective
plugging in primary fractures and promote the generation of new fractures. Meanwhile, optimizing
the concentration of TPA was also conducive to improving the plugging effectiveness. Effective tem-
porary plugging can be achieved by using appropriate TPA of proper size and concentration, which
varies with different treatment parameters and formations. Laboratory experiments are expected to
provide guidance for the parameter optimization for TPDF in coal seam.

Keywords: hydraulic fracturing; temporary plugging; diverting fracturing; stress difference;
fracture propagation

1. Introduction

Coalbed methane (CBM) is an abundant and widely distributed unconventional re-
source with great exploitation prospect [1-3]. Shizhuangnan block, located in the southern
Qinshui basin, north China, is one of the pioneer areas for the exploration and development
of CBM [4,5]. Generally, it is necessary to create a large-scale complex fracture network
and increase gas production area to promote the desorption of CBM in coal seam. TPDF
has been proven to be an effective way to enhance the complexity of the fracture network,
which has been utilized in the development of CBM. TPDF is performed by adding TPA
in the fracturing fluid and pumping it into downhole. TPA is a substance that can tem-
porarily reduce formation permeability or temporarily block the perforation hole. The thin
and dense temporary plugging zone can be formed quickly under the action of pressure
difference (Figure 1), which can bear high pressure and promote fracture diverting. After a
certain period of time, the plug can be removed by itself or manually [6,7]. Investigating
the propagation behavior of hydraulic fractures during TPDF in coal seam is of great
significance for the treatment parameters design.
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Figure 1. Schematic diagram of temporary plugging mechanism.

Recently, the hydraulic fracture propagation behavior in coal seam has been system-
atically studied through laboratory hydraulic fracturing experiments. Bell and Jones [8]
suggested that the existence of joints in coal seam will deflect the propagation path of
hydraulic fractures. Abass et al. [9] found that under high horizontal stress difference, a
single hydraulic fracture tends to form along the direction of maximum horizontal princi-
pal stress. Deng et al. [10] and Du et al. [11] systematically studied the effects of different
geological and engineering factors on breakdown pressure and fracture geometry in coal
formation. Yang et al. [12] studied the influence of in situ stress and interlayer proper-
ties fracture propagation behavior in coal seam. Zou et al. [13], Cheng et al. [14], and
Zhang et al. [15] analyzed the differences of fracture propagation geometry under different
horizontal stress difference coefficients. The results showed that small horizontal stress
difference coefficient is conducive to the formation of complex fracture network. Moreover,
the propagation behavior of diverted fractures has also been investigated recently [16-18].
He et al. suggested that TPDF is one of the most effective ways to accomplish the diversion
of hydraulic fractures and increase the complexity of fracture network. Wang et al. [19]
performed temporary plugging and refracturing experiments using degradable fiber as
TPA and found that when fiber is injected, the injection pressure increases significantly;,
leading to fracture diversion. Small horizontal stress difference, narrow fracture aperture,
and higher concentration of TPA are conducive to the generation of diverted fractures.
Liu et al. [20] conducted a temporary plugging fracturing experiment on artificial samples
containing preexisting fractures, through which the influence of different size combinations
and placement patterns of TPA was analyzed. It was found that the plugging effect of
uniform mixing pattern was more helpful than that of a layered placement pattern. Even
though experimental studies on TPDF have been reported, it was found that few TPDF
experiments have been carried on actual coal seam. In addition, there is no universal
standard for selection of TPA since the lithologies and treatment parameters vary from
one to the other. Therefore, it is necessary to conduct TPDF in real coal seam so that the
existence of joints and bedding planes in the coal sample can be considered. Meanwhile,
it is also imperative to determine the proper TPA size combination and concentration for
Shizhuangnan block, Qinshui basin, north China through experiments.

In this study, a series of laboratory TPDF experiments were performed on several
natural coal samples with the dimension of 300 mm x 300 mm X 300 mm. Subsequently,
the geometries of primary and diverted fractures were determined through coal samples
splitting and the distribution of two types of dyes of different colors used for primary
fracturing (PF) and TPDF. The influences of horizontal stress difference and parameters
of TPA (i.e., particle size and concentration of TPA) on fracture propagation during TPDF
were analyzed based on the experimental results of the fracture geometry and response
of injection pressure. The experimental results are expected to provide guidance for the
parameter optimization of TPDF in coal seam.
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2. Experimental Equipment and Procedures
2.1. Specimen Preparation

The coal samples were collected from Qinshui Basin. Due to the difficulty of sample
collection in the field, coal samples that perfectly fit the specimen chamber of a hydraulic
fracturing system can rarely be obtained. Therefore, a concrete casting method was adopted
to process irregular coal samples into standard cubes of 300 mm x 300 mm x 300 mm. The
mechanical strength of concrete that was used for casting coal sample was optimized by
adjusting the ratio of cement to sand, so that the solidified wrapped concrete had similar
mechanical strength to that of coal seam. The optimized ratio of cement to sand was 1:7
through a series of tests. The specific processes of the concrete casting method were as
follows: (1) Prepare an appropriate amount of cement slurry according to the optimized
ratio of cement to sand, mix thoroughly, and pour into the mold; (2) slowly put the coal
sample into the mold to ensure that the sample is not inclined and located in the center of
the whole mold; (3) continue to pour cement slurry slowly into the mold until full; (4) allow
the coal sample to be cured at room temperature for more than 14 days, and then the mold
should be removed.

In order to carry out the laboratory fracturing simulation experiment, a long drill bit
with an outer diameter of 3 cm was used to drill a central blind hole (wellbore) with a depth
of 15 cm on the sample surface parallel to the bedding plane. The steel pipe (simulated
casing) with an outer diameter of 2 cm and a length of 12 cm was cemented in the blind
hole with epoxy. By doing so, an open hole section of 3 cm was left in the bottom of the
borehole, where the primary hydraulic fracture would initiate. Coal samples before and
after processing are shown in Figure 2.

(b)

Figure 2. Coal sample before and after casting: (a) coal sample before casting; (b) the mold; (c) coal

sample after casting.

A series of tests were carried out to understand the physical properties of coal seam,
including porosity and permeability test, Brazilian splitting test, and uniaxial compression
test. The testing results showed that the porosity of the coal seam varied from 5% to 10%
and the permeability varied from 0.0006 mD to 0.023 mD. The average tensile strength was
about 2.0 MPa. The uniaxial compressive strength ranged from 33.75 MPa to 39.51 MPa. The
Young’s modulus ranged from 4.6 GPa to 5.1 GPa, and the Poisson’s ratio from 0.32 to 0.36.

2.2. Experimental Equipment

A set of large-scale true triaxial hydraulic fracturing simulation system (Figure 3)
was applied for the fracturing experiment. The coal sample was loaded in the specimen
chamber, and three mutually perpendicular stresses were applied to the coal sample to
simulate the in situ stress state. The maximum horizontal principal stress and minimum
horizontal principal stress were set perpendicular to the wellbore and the vertical stress
was parallel to the wellbore direction, so that stress state of a vertical well could be achieved.
The fracturing fluid was stored in an intermediate container, where colored dyes were
added for identification of hydraulic fracture geometry. The constant speed injection pump
was used to pump the fracturing fluid into the wellbore.
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Figure 3. True triaxial hydraulic fracturing simulation system: (a) a picture of true triaxial hy-
draulic fracturing simulation system [21]; (b) schematic diagram of triaxial hydraulic fracturing
simulation system [22].

In order to make the experimental results reflect the fracturing mechanism, the hori-
zontal stress differences were set according to the actual geological conditions of the coal
seam of interest. The size and the concentration of TPA were determined based on field
application. The injection rates were selected based on similarity criteria [23]. Experimental
parameters are shown in Table 1. The influences of horizontal stress difference, the concen-
tration of TPA, and the particle size of TPA on the hydraulic fracture propagation behavior
during TPDF were considered.

Table 1. Experimental scheme.

Specimen Oy, OH, Op Injection Rate Concentration Size of TPA
Number (MPa) (mL/min) of TPA (g/L) (Mesh)

1# 12,7,5 300 + 300 40 40-70

2# 12,9,5 300 + 300 40 40-70

3# 12,11,3 300 + 300 40 40-70

4# 12,9,5 300 + 300 20 40-70

5# 12,9,5 300 + 300 60 40-70

o# 12,9,5 300 + 300 40 20-40

7# 12,9,5 300 + 300 40 80-120
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2.3. Experimental Procedures

In order to simulate the fracturing process of vertical wells, vertical stress o was
applied along the wellbore, and maximum horizontal principal stress oy and minimum
horizontal principal stress o1, were applied in the direction perpendicular to the wellbore. In
order to avoid the damage of the sample during pressurization, the stress in three directions
was simultaneously loaded to oy, through the stress loading system; then, the pressure in
oy, direction was kept constant and the pressure in oy and o directions were loaded to oy;
finally, the confining pressure in oy and 0}, directions was kept constant, and the pressure
in vertical direction was loaded to oy.

In the experiment, low viscosity hydraulic fracturing fluid (slick water with the
viscosity of 10 pPa-s) was used in the primary fracturing, which is commonly used in
the field. The fracturing fluid for TPDF was hydroxypropyl guar with a viscosity of
45 uPa-s. The fracturing fluid was injected into the wellbore with a constant injection rate
of 300 mL/min. A red dye was added in the PF and a blue dye in the TPDF to distinguish
the diverted fracture from the primary fracture. Meanwhile, the pressure was monitored in
real time. Fluid injection was not stopped until a large amount of fluid was observed on
the surface of the sample. The fractured coal sample was depressurized and removed from
the sample chamber when injection was stopped. According to the color distribution of the
two dyes on the surfaces of the coal sample, the propagation paths of primary fractures
and diverted fractures were distinguished, and the three-dimensional fracture spatial
distribution was reconstructed. The flow chart of the experiment is shown in Figure 4.

Temporary plugging

4 Determine the ratio of cement to sand
@ Cast the coal sample with concrete in

the mold

® Wait for solidification for 14 days

and remove the mold

Specimen preparation

and diverting fracturing

# Pressure curve analysis

#1n situ stress loading @ Sample splitting

# Fracturing fluid and
TPA injection

@ Pressure monitoring Post-fracturing analysis

Figure 4. The flow chart of the TPDF experiment.

3. Experimental Results and Analysis
3.1. Effect of Horizontal Stress Difference

Horizontal stress difference is the key factor affecting the hydraulic fracture diverting
in coal seam. Studies have shown that low horizontal stress difference facilitates complex
fracture formation [24]. To study the spatial relationship of fractures between PF and TPDF
under different horizontal stress difference, the horizontal stress difference was set as 2, 4,
and 8 MPa. The fracture geometry and pressure curves under different horizontal stress
differences were shown in Figures 5 and 6.

As shown by the red marks in Figure 5a, when the horizontal stress difference was
2 MPa, a vertical fracture propagating along the direction of the maximum horizontal
principal stress was formed in coal sample 1#, and the deflection of the fracture along the
sample surface could be seen locally. The pressure rose slowly at the beginning of the PF,
indicating that the natural fractures (NFs) were relatively developed (Figure 6a). When it
increased to 3.9 MPa, the pressure decreased slightly, indicating that the micro fractures
were locally opened. With the continuous injection of fracturing fluid, the fracture deflected
along the joints, leading to the fluctuation of the pressure curve. The breakdown pressure
of coal sample 1# was 9 MPa in the PF, resulting in a main fracture propagating along the
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direction of maximum horizontal principal stress; and the pressure dropped rapidly after
reaching the breakdown pressure.

Figure 5. Fracture morphology of samples 1#-3# after TPDF: (a) fracture morphology of sample 1#;
(b) fracture morphology of sample 2#; (c) fracture morphology of sample 3#.

The temporary plugging fracturing experiment was carried out with a concentration
of 40 g/L and injection rate of 300 mL/min, as shown by the blue curve in Figure 6a. The
hydraulic fracture formed by temporary plugging (THF) intersected the primary hydraulic
fracture (PHF) at an angle of about 75°, and the coal fell off locally at the intersection. As
can be seen from the pressure curve in Figure 6a, due to filtration of the fracturing fluid,
the pressure increased to 6.2 MPa slowly. The THF was not effectively plugged until the
slope of the pressure curve increased sharply. When the pressure reached 10.5 MPa, the
PHF imitated, but it did not extend to the sample surface until a sudden pressure decline
occurred when the pressure reached 12.6 MPa. Moreover, the breakdown pressure of TPDF
was 3.6 MPa higher than that of the PF.
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Figure 6. Pressure curves for coal samples 1#-3#: (a) pressure curves of sample 1#; (b) pressure
curves of sample 2#; (c) pressure curves of sample 3#.

As could be seen from Figure 5b, under the condition that the horizontal stress differ-
ence was 4 MPa, the PHF of coal sample 2# propagated along the direction of maximum
horizontal principal stress. The PHF encountered a NF and opened it partially, and finally
crossed the NF and propagated along the original direction, which corresponds to two
peaks of the pressure curve in Figure 6b (red line). When the pressure reached 11.2 MPa, a
NF in sample 2# was activated partially. Under the action of maximum horizontal stress,
the NF was not fully opened and the pressure continued building. When the pressure
reached 17 MPa, a PHF was generated and the coal sample completely broke. Several
pressure drops were observed during TPDEF, but the maximum pressure during TPDEF,
8.2 MPa, was smaller than that of PF. This could be explained by the THFs formed during
TPDF. Since all THFs were activated joints, which showed low tensile strength, after TPA
was pumped, the fluid could be diverted to those joints and activated them with relatively
low breakdown pressure. The fracture morphology was complex due to the existence of
NFs and the activated joints.

The horizontal stress difference of coal sample 3# was 8 MPa, and the vertical stress was
basically equal to the maximum horizontal principal stress. As could be seen from Figure 5c,
one vertical fracture along the direction of maximum horizontal principal stress was formed
in PE However, three horizontal fractures were formed after temporary plugging fracturing
due to the development of coal bedding planes and the small difference between vertical
stress and maximum horizontal principal stress. As shown in Figure 6¢c, the pressure
curve of PF was relatively flat due to the existence of bedding planes and joints in the coal
sample 3#. The breakdown pressure in the PF was 14 MPa, and the breakdown pressure in
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the temporary plugging fracturing was 19.3 MPa, indicating that the primary fracture was
effectively plugged. The THFs were activated bedding planes.

Through the comparison of the fracture morphologies of samples 1#-3#, it could
be seen that the THFs changed from vertical fractures to horizontal fractures (activated
bedding plans) with the increase of horizontal stress difference. Under low horizontal stress
difference, THF can initiate in random direction with regard to the PHF, as the induced
stress by plugging effect can easily overcome the stress difference. This explains why the
THEF propagated along the direction of maximum horizontal stress. When horizontal stress
was set as 8 MPa, the difference between maximum horizontal stress and vertical stress was
only 1 MPa. Under such conditions, the vertical stress can no longer restrain the bedding
plane opening. This could account for the activation of bedding planes in sample 3#. The
influence of horizontal stress difference for PF and TPDF are different. Horizontal stress
difference mainly affects the complexity of the fracture geometry in PF, whereas it mainly
determines the fracture orientation of the THF in TPDF.

3.2. Effect of the Concentration of TPA

The concentration of TPA is a critical parameter which has a great impact on the
effectiveness of TPDF [25,26]. Figures 7 and 8 show the fracture geometries and the
injection pressure curves of samples 4# and 5# under different concentrations of TPA. In
these two cases, the horizontal stress difference was set to be 4 MPa and the particle size of
temporary TPA was 40/70 mesh.

(b)

Figure 7. Effect of the concentration of TPA on THF morphology: (a) fracture morphology of

sample 4#; (b) fracture morphology of sample 5#.
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Figure 8. Pressure curves for coal samples 4# and 5#: (a) pressure curves of sample 4#; (b) pressure
curves of sample 5#.

As shown in Figure 8a, the injection pressure of sample 4# slowly increased, which
may be attributed to the existence of high-permeability joints near the wellbore. When
the injection pressure increased to 4.8 MPa, a PF propagating along the direction of the
maximum horizontal stress was created as shown in Figure 7a. During TPDF, TPA with the
concentration of 20 g/L was injected. According to the injection pressure curve in Figure 8a,
the injection pressure from 25 s to 200 s increased with a slope which was steeper than
that of PF linearly, indicating that the TPA reduced the fluid leak-off to certain extent. The
breakdown pressure of TPDF was 5.9 MPa, which was only 1.1 MPa higher than that of PF.
According to the results of sample splitting (Figure 7a), a new fracture was generated in
TPDEF, which initially initiated perpendicular to the primary fracture and then diverted to
the direction parallel to the primary fracture. By comparing Figures 5b and 7a, it was found
that after TPDEF, the fracture geometry was simpler and the diversion distance was smaller
in sample #4 than those in sample 2#, indicating that the temporary plugging effectiveness
was improved by increasing concentration of TPA. It was also proven by the significant
increase in the breakdown pressure during the TPDF.

For coal sample #5, the concentration of temporary TPA was 60 g/L. As shown in
Figure 8b, during the PF, the injection pressure increased to 7 MPa and then remained stable,
indicating that the fluid leak-off dominated. The injection was stopped at the injection time
of 275 s without obvious breakdown occurring. After the injection of TPA, the injection
pressure increased sharply and the coal sample #5 broke at the breakdown pressure of
38.2 MPa. According to the results of fracture geometry in Figure 7b, after the TPDEF, the
complexity of hydraulic fracture significantly increased. Multiple PHFs were created and
radially propagated outward.

Under the low TPA concentration of 60 g/L, effective plugging could not be achieved,
since there was not enough TPA to form a plugging zone. Under the high concentration of
60 g/L, the temporary TPA tended to be detained in the wellbore. Consequently, abnormally
high breakdown pressure was induced, which was beneficial for the hydraulic fracture
to overcome the containment of stress state. However, the accumulation and block of
TPA in the wellbore may cause the failure of hydraulic fracturing treatment. Thus, the
concentration of TPA should be optimized so that, on the one hand, a dense and firm
plugging zone can form; on the other hand, accumulation and block of TPA in the wellbore
can be avoided.

3.3. Effect of the Particle Size of TPA

To analyze the influence of TPA particle size on temporary plugging and divert-
ing fracturing, 20/40 mesh (large particle size), 40/70 mesh (medium particle size), and
80/120 mesh (small particle size) TPAs were selected to carry out fracturing simulation
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experiments. Figure 9 showed the fracture geometry under different TPA particle sizes
obtained through coal sample splitting and fracture reconstruction [27].

1
t
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- WY

i
)
\
i
)

——

Figure 9. Effect of the particle size of TPA on fracture geometry: (a) fracture morphology of sample 6#;
(b) fracture morphology of sample 2#; (c) fracture morphology of sample 7#.

As shown in Figure 9, under the condition of horizontal stress difference of 4 MPa
and the injection rate of 300 mL/min, vertical fractures along the wellbore were formed
in all three coal samples in the PF. The propagation direction of the primary fracture was
mainly controlled by stress state, and the overall fracture geometry was relatively simple.
When 20/40 mesh was used as temporary TPA, the fracture in sample 6# was still initiated
and propagated outward along the primary fracture, and only one new branch fracture
was generated far away from the wellbore (Figure 9a). As can be seen from Figure 10a, the
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breakdown pressure of PF was 16.6 MPa. The fracture propagated perpendicular to the
direction of minimum horizontal principal stress and opened the natural weak plane. When
reaching the breakdown pressure, a plateau stage of high pressure was observed, indicating
that the fracture width was narrow. When temporary TPA of the 20/40 mesh was used,
it accumulated in the wellbore due to its large particle size, leading to effective pressure
building. The breakdown pressure was 18.1 MPa, which was higher than that of PF.

20 18
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Figure 10. Pressure curves of coal samples 2#, 6#, and 7#: (a) pressure curves of sample 6#;
(b) pressure curves of sample 2#; (c) pressure curves of sample 7#.

The particle size of the TPA for sample 2# was 40/70 mesh, which was conducive to
being carried into the primary fracture by the fracturing fluid. At the same time, due to the
decrease of sand-carrying capacity caused by fracturing fluid filtration and the tortuosity
of fracture surface, the temporary TPA gradually settled and bridged in the PHE. With
the gradual increase of fluid pressure, two fractures perpendicular to the primary fracture
were formed in sample 2# during TPDF (Figure 9b). One of the fractures initiated from the
primary fracture and propagated to the boundary of the sample after directly penetrating
through the NF. The other fracture initiated from the open hole section and diverted along
the NF when encountering the NF, then continued to propagate to the boundary.

Since the fracturing fluid had better ability to suspend TPA of small size, it was easier
for small-size TPA to enter the fracture and migrate away from the wellbore. When TPA of
smaller particle size (80/120) was used, it distributed in the whole fracture surface of PF
(Figure 9¢c). However, since the effective plugging in the primary fracture was not formed,
the pressure in the temporary plugging fracturing was relatively low, only the bottom
bedding plane, which communicated with the primary fracture, was partially opened in the
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1.

2.

rock sample. As shown in Figure 10c, the breakdown pressure of sample 7# in the PF was
5.3 MPa, and a vertical fracture parallel to the horizontal maximum principal stress was
formed. A horizontal fracture was formed at the breakdown pressure of 14.2 MPa. Though
wide distribution of temporary TPA along the primary fracture surface was observed, the
plugging effect was poor and the effective pressure building was small.

By comprehensively comparing the experimental results of samples 2#, 6#, and 7#,
the relationship between the particle size of TPA and the fracture width of PF should be
considered in the optimization for TPDF. Only when the TPA forms effective plugging in
the primary fracture could it ensure the generation of THFs. Improper selection of particle
size of TPA would lead to poor temporary plugging effect. The TPA of a large particle size
(2040 mesh) would affect the sand-suspension effect of fracturing fluid, causing the TPA
to accumulate in the wellbore and resulting in abnormal treatment pressure. The TPA of
small size prevents the formation of effective plugging. In this case, the fracture mainly
propagates along the PHF during temporary fracturing. A TPA of 40/70 mesh is relatively
reasonable because it could form effective plugging in the primary fracture and promote
the generation of THFs.

4. Conclusions

The propagation behavior of hydraulic fracture during TPDF was investigated through
laboratory fracturing experiments. The conclusions are as follows:

(1) Temporary plugging and diverting fracturing is an effective technique to increase
the complexity of hydraulic fracture in coal seam. In this study, the hydraulic frac-
ture generated during the PF tended to propagate along direction of the maximum
horizontal stress under different stress states. The injection of TPA can significantly
promote the generation of THFs.

(2) When the particle size of TPA was 20/40 mesh, blockage in the wellbore tended to
occur; when the particle size of TPA was 70/100 mesh, the TPA was widely distributed
within the primary fracture, which failed to form effective plugging and consequently
restricted the generation of THFs. Reasonable particle size (40/70 mesh) of TPA can
ensure the entry of TPA into the primary fracture and form effective plugging, which
is conducive to the generation of THFs.

(3) With the concentration of TPA increasing from 20 g/L to 60 g/L, the plugging effec-
tiveness was significantly enhanced. Both the diverting distance and the complexity
of hydraulic fractures increased. However, under the high concentration of 60 g/L,
the TPA tended to accumulate and block in the wellbore, resulting in an abnormally
high breakdown pressure. On one hand, this abnormally high breakdown pressure
could overcome the containment of stress state in fracture propagation path. On the
other hand, it may cause the failure of hydraulic fracturing treatment.
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