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Abstract: During the temporary plugging fracturing (TPF) process, the pressure response and
pumping behavior significantly differ from those observed during conventional fracturing fluid
pumping. Once the temporary plugging agent (TPA) forms a plug, subsequent fracture initiation
and propagation become more intricate due to the influence of the TPA and early fractures. Factors
such as concentration, particle size, and ratio of the TPA notably affect the effectiveness of TPF. This
study employs a true triaxial hydraulic fracturing simulation system to conduct TPF experiments
with varying particle size combinations and concentrations at both in-fracture and in-stage locations.
The impact of different TPA parameters on the plugging effectiveness is assessed by analyzing the
morphology of the induced fractures and the characteristics of pressure curves post experiment.
Results indicate that combining dfferent particle sizes enhances plugging effectiveness, with a
combination of smaller and larger particles exhibiting superior plugging effectiveness, resulting in
a pressure increase of over 25.9%. As the concentration of the TPA increases, the plugging fracture
pressure rises, accompanied by rapid pressure response and significant plugging effects, leading
to more complex fracture morphology. For shale reservoirs, the density of bedding planes (BPs)
influences the morphology and width of conventional hydraulic fractures, thereby affecting the
effectiveness of subsequent refracturing. Rock samples with a relatively low BP density demonstrate
effective plugging initiation both in-fracture and in-stage, facilitating the formation of complex
fracture networks. Conversely, specimens with a relatively high BP density exhibit superior plugging
effectiveness in-stage compared to in-fracture plugging.

Keywords: shale; temporary plugging fracturing; fracture morphology

1. Introduction

Horizontal well development in shale reservoirs often employs multi-cluster perfo-
ration, which offers advantages such as a large treatment volume, high efficiency, and
low cost. However, it also entails stress interference among densely clustered fractures,
which can lead to uneven propagation. The “dual-plugging” technique, involving both
in-fracture and in-stage plugging, utilizes TPA to obstruct fracture tips and perforation clus-
ters, inducing redirection of fracture tips and generating new cluster fractures near plugged
perforation clusters. This technique represents a significant avenue for enhancing fractures’
balanced extension and complexity, holding technical potential in shale o0il development.

Numerous scholars have researched the mechanisms and experimental methods of
fracture plugging. For the most common particle plugging agents, there are two mecha-
nisms: one involves using fine particles (or powder) to form a filter cake on the fracture
wall, thereby reducing permeability; the other consists of a combination of multiple particle
sizes, where larger particles bridge within the fracture, while smaller particles plug the
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voids between bridging particles, known as “bridging + plugging” [1,2]. The particle
size of TPA in drilling fluids should be at least “one-third” of the pore diameter of the
reservoir [3]. Considering the interstitial space between particles, the particle size distri-
bution of TPA can be optimized using the “ideal packing theory” [4]. Since fractures are
filled with proppants, the size of TPA should be based on the median particle size of the
proppants [5]. Typical combinations of TPA have a bimodal distribution [6]. For far-field
plugging, a combination of medium and fine particles in a 35:65 ratio can be used, while
for near-wellbore plugging, larger particles should be added, comprising up to 40% of the
total [7]. In experiments, plugging agents” plugging behavior with particle sizes of 20 to
30 mesh in fractures was evaluated using a core flow apparatus [8]. A large-scale visual
fracture simulation device was made of organic glass to study the plugging behavior of
fibers and particles within fractures [9]. The surface morphology of fractures was replicated
using resin materials to create visual rough fracture models, enabling the study of plugging
agents’ migration and plugging behavior within rough fractures [10]. Based on triaxial
hydraulic fracturing experiments, experimental studies were conducted on diversifying
fractures of different sizes of exposed rock samples, focusing on fracture initiation and
propagation behavior after TPA injection [11,12]. Similar experimental methods were used
to study the pressure response characteristics of fiber and particle plugging agents within
hydraulic fractures [13,14]. Stainless steel grooved pipes were used to simulate fractures,
studying the plugging capacity of fiber and proppant mixtures, with a focus on the effects
of fiber concentration, proppant size and concentration, fluid velocity, and rheology on
bridging and plugging capacity [15]. An injector connected to a rectangular slot with a
specific opening and equipped with a device with a filter screen at the end was designed
to simulate plugging experiments, optimizing the particle size distribution of plugging
agents [16]. Evaluation criteria for plugging agents include bridging pressure capacity,
compactness of the plugging body, and dissolution rate of TPA. Based on these criteria,
TPA formulation was optimized for wellbore and far-end plugging [17].

While numerous scholars have researched various types and properties of TPA and
their plugging characteristics, current true triaxial fracturing experiments only verify
the feasibility of plugging and generating new fractures. However, there has not been
a systematic investigation into the pump pressure response corresponding to different
plugging positions and overall fracture morphology characteristics. Therefore, based
on a true triaxial hydraulic fracturing simulation system, this study conducts plugging
experiments with different particle size combinations and concentrations at both in-fracture
and in-stage locations. After the experiments, combined with the morphology of the
fractures and pressure curve characteristics, the impact of different TPA parameters on
plugging effectiveness is analyzed.

2. Experimental Method
2.1. Shale Specimens and Fracturing Equipment

The experiment utilized a true triaxial hydraulic fracturing simulation system [18]
(Figure 1). The experiment simulated the natural formation of a stress environment based on
the coefficient of the stress difference. Hydraulic pressure pumps and hydraulic cylinders
were employed to drive the loading plates, applying triaxial stress to the rock specimens
inside the core chamber. The maximum loading stress on the x, y, and z-axis was 30 MPa.
Upon completion of stress loading, an air pump was used to drive a piston within the
intermediate container, injecting the fracturing fluid into the pipeline. The fracturing fluid
then entered the wellbore to fracture the rock specimens via a fluid injection line controlled
by a six-way valve. Pressure sensors connected to the pipeline recorded real-time data of
pressure changes at the wellbore.
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Figure 1. True triaxial hydraulic fracturing simulation system.

Samples were collected from outcrops in the Jiyang Depression area of the Shengli
QOilfield. They were prepared into cubic specimens measuring 30 cm x 30 cm x 30 cm
through cutting and grinding, with bedding surfaces parallel to the specimen ends. Small
samples yielded Young’s modulus ranging from 25.03 to 46.4 GPa, Poisson’s ratio from
0.18 to 0.29, compressive strength from 219.1 to 406.5 MPa, and tensile strength from 4.19 to
8.34 MPa. The mechanical properties of the outcrop samples were similar to those of
downhole cores from a depth of 4223 m in the same block. To simulate the completion
scheme of horizontal wells with multi-cluster perforations, a blind hole with a diameter of
28 mm and a depth of 260 mm parallel to the bedding surface was drilled at the center of
the specimen surface. A steel tube with an outer diameter of 27 mm and an inner diameter
of 23 mm, plugged at one end and open at the other, was centrally placed in the blind hole,
and high-strength epoxy resin was injected into the annulus between the blind hole and
the steel tube to bond the steel tube to the specimen. A hydraulic sandblasting perforation
device was used, with the perforating gun inserted into the wellbore. Perforations were
made at specified depths and orientations along the wellbore wall through insertion and
retraction (Figure 2). The number of perforation clusters was set to 6, with perforation
spacing determined based on geometric similarity (Equation (1)) as 2.7 cm. Simulating the
perforation phasing angle accurately at the current experimental scale only in the direction
perpendicular to the BPs. The sandblasting perforation process was strictly controlled to
ensure a uniform perforation size and depth for each perforation (4 mm in diameter, 1 cm
in depth), lasting 1 min.

[ ﬁff 1

where S is the clusters’ spacing, m; L is the width of the treatment zone, m; B (equal to 2.5)
is an empirical parameter; subscript I denotes experimental parameters; and subscript f
represents field parameters.
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Figure 2. The schematic diagram of the completion method for horizontal wells with multi-cluster
perforations.

2.2. Experimental Scheme and Procedure

Currently, this block’s on-site horizontal well fracturing injection rate ranges from 14 to
18 m3/min, with cluster numbers ranging from 5 to 7 clusters. Discrepancies regarding flow
rate exist between the initial and main fracturing phases. Here, considering a maximum
single-cluster injection rate of 3 m?/min and a fracturing fluid viscosity of 3 to 100 mPa-s
(variable viscosity slickwater system), the experimental primary injection parameters were
calculated using similarity criteria [19-22] (Equations (2) and (3)). Taking into account that
the characteristic radius of fracture propagation in the reservoir is approximately 18.00 to
23.00 m (based on microseismic fracture monitoring half-length), whereas the characteristic
radius of experimental fracture propagation is 0 to 0.3 m (half the height of the specimen),
the maximum experimental injection rate was calculated to be 50 mL/min, with a fracturing
fluid viscosity of 100 mPa-s. The calculation results for field and laboratory experimental
parameters are presented in Table 1.

M= Hf tfmax(az) (=7) (f}) )

where p is the viscosity, mPa-s; ¢ is the fracture propagation time, s; Q is the injection
rate, m3 /min; E is the elastic modulus of rock, GPa; E’ is the plane strain elastic modulus,
GPa; K’ is the modified fracture toughness, MPa-m1/2; subscript / denotes experimental
parameters; and subscript f represents field parameters.

RS/ZK/

fmax = W (3)

where R is the fracture propagation radius, m.

Table 1. The parameters of field and laboratory.

Parameters Field Laboratory
Young’s modulus (GPa) 20-40 25.03-46.4
Fracture characteristic radius (m) 18-22 0-0.3
Injection rate per single cluster (m?/min) 34 90-150 mL/min

Fracturing fluid viscosity (mPa-s) 3-100 3-100
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Constrained by equipment capabilities, the three-dimensional in situ stresses at cor-
responding reservoir depths were calculated based on log data, and the actual formation
stress conditions were scaled to a laboratory scale using the shape factor R [22].

R THL=On _ 9Hf ~ Ohf @)

Ovi =0 Oyf — Opf

where oy is the maximum horizontal principal stress, MPa; 0y, is the minimum horizontal
principal stress, MPa; o, is the vertical stress, MPa; subscript I denotes experimental
parameters; and subscript f represents field parameters.

The experiment utilized maximum, minimum, and vertical principal stresses of
23 MPa, 15 MPa, and 30 MPa, respectively.

The experiment’s required plugging agent particle sizes were designed based on
the “one-third” bridging theory. By measuring the perforation diameters and hydraulic
fracture widths displayed in the sections of early experimental specimens (Figure 3), the
fracture width ranged from 0.1 to 3 mm, and the sandblasting perforation diameter near the
wellbore was 4 mm. Therefore, experiments were conducted using three particle size ranges
120-80 mesh, 80-20 mesh, and 1-3 mm. Specific experimental parameters are detailed in
Table 2.

4mm

N

The w1dth nf “hydraulic fracturing fractures varies significantly, so
different sizes of temporary plugging agents should be considered.

Figure 3. Section of earlier experimental specimens: perforation diameter and fracture width.

Table 2. Experimental Scheme for TPA Size and Concentration.

NO. In-Fracture In-Stage
1# 50 g/L 80-120 mesh + 50 g/L 20-80 mesh, 100 g/L 50 g 80-120 mesh + 50 g 1-3 mm, 100 g/L
2# 20-80 mesh, 100 g/L 40 g 80-120 mesh + 40 g 20-80 mesh + 20 g 1-3 mm, 100 g/L
3# 60 g/L 80-120 mesh + 40 g/L 20-80 mesh, 100 g/L 1-3 mm, 100 g/L
4# 50 g/L 80-120 mesh + 50 g/L 20-80 mesh, 100 g/L 50 g 80-120 mesh + 50 g 1-3 mm, 100 g/L

5# 30 g/L 80-120 mesh + 30 g/L 20-80 mesh, 60 g/L 30 g 80-120 mesh + 30 g 1-3 mm, 60 g/L
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3#

Experimental procedures are as follows:

1.  The pipeline was connected, and the rock specimen was placed into the core cham-
ber of the experimental system and subjected to triaxial stress at the set value to
maintain stability.

2. The fracturing pipeline was connected to the six-way valve, with the other end
connected to three intermediate containers containing fracturing fluid of different
colors. Container 1 contained green dye, Container 2 contained yellow dye and TPA,
and Container 3 contained red dye and TPA.

3. According to the experimental process, the valves on Containers 1, 2, and 3 and
their corresponding valves on the six-way valve were sequentially opened, while the
remaining valves were kept closed. The injection system was activated, and fracturing
fluid was continuously pumped into the wellbore at a constant rate for the hydraulic
fracturing experiment. Pressure sensors recorded the changes in wellhead pressure
throughout the entire process.

4. After the experiment concluded, the rock sample was moved out, and hydraulic
fractures initiated during different fracturing phases were distinguished based on the
coloring of the fracture surfaces, enabling analysis of the multi-fracture propagation
paths near horizontal wellbore.

3. Experimental Results

Five sets of experiments on multi-cluster TPF in horizontal wells were conducted,
corresponding to fracture morphology and pressure curves, as shown in Figure 4.

Figure 4. Depicts the post-fracture morphology of the five fracturing specimen sets.

Many natural fractures were observed on the surface of specimen 1#. During the
conventional sand-carrying fracturing phase, one natural fracture intersecting the hori-
zontal wellbore is initiated (shown by the yellow dashed line), with a fracturing pressure
of 7.44 MPa. Subsequently, an in-fracture TPF is conducted, filling and plugging off the
natural fracture on the S3 surface with TPA. Two horizontal BPs are opened to the natural
fracture (white dashed lines). Finally, in-stage TPF is performed, opening a longitudinal
hydraulic fracture near the wellbore (blue dashed line), extending upward through the
BPs until reaching the S3 surface, captured by the activated natural fractures, and the BPs
intercepts downward extension.
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Specimen 2# exhibits significant lithological variations in the upper section, with higher
mud content. During the conventional sand-carrying fracturing phase, a longitudinal
natural fracture perpendicular to the minimum horizontal principal stress direction is
injtiated (yellow dashed line), with an inconspicuous fracturing pressure of only 5.00 MPa
and insufficient fracture extension. After the in-fracture TPF, the natural fracture deflects
and propagates upwards to the high-mud-content area, opening multiple horizontal BPs.
In the in-stage TPF, a longitudinal hydraulic fracture is opened near the wellbore, extending
upwards to the high-mud-content area and being intercepted by the horizontal BPs.

Specimen 3# has an apparent lithological interlayer below the wellbore. During
the conventional sand-carrying fracturing phase, horizontal BPs near the bottom of the
wellbore are initiated, with an inconspicuous fracturing pressure peak of only 1.20 MPa.
The TPF of the in-fracture effectively plugs the horizontal BPs. A longitudinal hydraulic
fracture perpendicular to the minimum horizontal principal stress direction is opened,
communicating upwards with the natural fracture and then propagating to the top surface
of the specimen, penetrating the heterogeneous lithological interlayer with a high fracturing
pressure (15.54 MPa) and large fracture width scale, thus rendering the subsequent in-stage
TPF ineffective in initiating fracturing.

Specimen 4# is similar to specimen 1#, with dense natural fractures. During the conven-
tional sand-carrying fracturing phase, significant pressure fluctuations initiate two natural
fractures perpendicular to the minimum horizontal principal stress direction and open
three horizontal BPs. During the in-fracture TPF phase, a combination of particle-size
TPA plugs the natural fractures and BPs, and two longitudinal hydraulic fractures are
opened. Two typical shale hydraulic fracture propagation morphologies, namely step-wise
diversion and capture by horizontal BPs, are observed on the S5 surface. However, due to
wellbore plugs, the in-stage TPF fails to achieve effective fracturing.

Specimen 5# has a high overall mud content with a large and uniformly distributed BP
density. During the conventional sand-carrying fracturing phase, a horizontal BP is opened
along one side of the wellbore, with a straight and wide fracture width. The TPA is difficult
to accumulate during the in-fracture TPF phase, resulting in poor plugging effectiveness.
Through in-stage TPF, promoting multi-cluster initiation, the plugging effect is significant,
and two longitudinal hydraulic fractures are opened, extending through the BPs to the
upper and lower surfaces of the specimen.

4. Analysis
4.1. The Influence of Different Particle Size Combinations

Specimens 1#, 2#, and 3# have the same TPA concentration, but different sizes and
combination methods were used, resulting in different fracture morphologies and pressure
curve characteristics (Figure 5).

As shown in Figure 6, compared with the phase of sand carrying fracturing, different
specimens show higher fracture pressure through temporary plugging, and the breakdown
pressure under the condition of combined particle size is higher than that under the
condition of single particle size at either the phase of temporary plugging in the fracture or
the stage. The change trend of breakdown pressure of specimens 1# and 2# is similar. The
breakdown pressure of specimen 3# is significantly lower in the phase of sand-carrying
fracturing. No large macroscopic fractures are generated, so the effect of in-fracture TPF
is more prominent. However, the fractures cannot form effective closure after fracturing,
failing subsequent temporary plugging.
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Figure 5. The pressure curves of the specimen 1#, 2#, and 3#.
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Figure 6. Comparison of breakdown/peak pressure in different temporary plugging phases.

During the in-fracture TPF phase, the breakdown pressures of specimens 1# and
3# (11.17 MPa and 15.54 MPa, respectively) increased by 25.9% and 75.2%, respectively,
compared to specimen 2# (8.87 MPa). During the in-fracture temporary plugging phase,
specimens 1# and 2# exhibited significant breakdown pressures of 20.24 MPa and 16.4 MPa,
respectively, while specimen 3# failed to plug effectively. Compared to the single particle
size plugging method, combining different particle sizes of TPA, with large particles
bridging and small particles plugging the gaps between large particles, is conducive to
improving plugging efficiency.
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In contrast to specimen 1#, specimen 3# used a higher proportion of small-particle
(80-120 mesh) TPAs during the in-fracture TPF phase, resulting in more pronounced pres-
sure curve fluctuations and a slower establishment of pressure balance. However, the
final breakdown pressure was higher, with the tiny particles entering the fractures for
complete plugging. Compared to specimen 1#, specimen 2# had a richer combination of
TPA sizes during the in-stage TPF phase, with higher proportions of medium (20-80 mesh)
and small (80-120 mesh) particle sizes. However, the breakdown pressure was lower, and
its pressure curve experienced a longer period of slow rise during the early time of in-stage
TPF (Figure 5). This indicates that a larger-particle-size TPA should be prioritized to bridge
larger-sized fractures to prevent the loss of smaller TPAs into the fractures.

4.2. The Impact of Different Concentrations

Specimens 1#, 4#, and 5# used the same types and combination methods of TPA sizes
but with different concentrations of 100 g/L, 80 g/L, and 60 g/L, respectively.

During the in-fracture TPF phase, at a TPA concentration of 60 g/L (Specimen 5#), the
pressure fluctuated, making effective plugging difficult, with no significant breakdown
pressure and a peak pressure of only 4.44 MPa (Figure 7). When the TPA concentration
was increased to 80 g/L (Specimen 4#), the peak pressure rose to 10.63 MPa, with apparent
breakdown pressure and a significant plugging effect. Further increasing the concentration
to 100 g/L (Specimen 1#), the peak pressure reached its maximum at 11.17 MPa. Al-
though the pressure increase was insignificant, the slope of the pressure curve was steeper
(Figure 8), indicating a faster pressure response and plugging.
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Figure 7. The pressure curves of specimens 4# and 5#.
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Figure 8. The wellhead pressure during in-fracture temporary plugging under different plugging
agent concentrations.
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During the in-stage TPF phase, as the concentration of the TPA increased from 60 g/L
(Specimen 5#) to 80 g/L (Specimen 4#) and 100 g/L (Specimen 1#), the pressure significantly
increased (Figure 9), surpassing the safety limit of the equipment. Effective breakdown
pressure could not be monitored. However, compared to the condition of 80 g/L (Speci-
men 4#), the upward slope of the pressure curve for 100 g/L (Specimen 1#) was steeper,
indicating a more rapid and effective plugging process.
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Figure 9. The wellhead pressure during the in-stage TPF under different TPA concentrations.

5. Discussion

Specimens 1# and 4# exhibit lots of natural fractures by contrasting the different
lithological characteristics of specimens. Following the experiment, horizontal BPs near
the wellbore were initiated and communicated with the natural fractures. Longitudinal
hydraulic fractures were formed through TPF measures (shown in Figures 10 and 11d).
Specimen 2# contains regions with high mud-content lithological variations, forming
simple longitudinal hydraulic fractures extending to the high mud-content areas and
activating horizontal BPs (shown in Figures 10 and 11a). Specimen 3# displays distinct
heterogeneous lithological interlayers. Conventional sand-carrying hydraulic fractures
struggle to penetrate these interlayers, thus enhancing the initiation pressure through TPF
to facilitate fracture penetration and propagation (shown in Figures 10 and 11b). Specimen
5# exhibits high mud content and high BP density. Conventional sand-carrying fracturing
and in-fracture TPF demonstrate poor effectiveness. However, in-stage TPF generates
relatively singular longitudinal hydraulic fractures (shown in Figures 10 and 11c).

Therefore, we can infer that in the field fracturing process, for shale reservoirs, typically
characterized by BPs of varying densities, horizontal BPs near the wellbore are prone to
open during conventional proppant fracturing phases with low fracture pressures, making
it difficult to propagate across layers and form complex fracture networks. However,
employing TPA with different concentrations and particle size combinations can effectively
increase the fracturing pressure, enhance the vertical communication capability of artificial
fractures, and significantly enhance the complexity of fracture morphology. Target stratum
with lower BP densities would show an improvement in fracture pressure to a certain extent
during in-fracture and in-stage TPF phases, achieving fracture redirection and forming
complex fracture networks. On the other hand, the target stratum with higher BP densities
tends to open BPs near the wellbore, exhibiting poor performance in in-fracture TPF. In
contrast, in-stage TPF is more conducive to forming interlayer fractures, thereby achieving
reservoir stimulation effects.
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6. Conclusions

By conducting TPF experiments with different particle size combinations and concen-
trations of TPA at both in-fracture and in-stage locations, combined with the morphology of
the fracturing fractures and the characteristics of pressure curves, the influence of different
TPA parameters on TPF effectiveness was analyzed. The results indicate the following:

1.  Combined particle sizes can enhance plugging effectiveness, combining smaller and
larger particles, resulting in higher breakdown pressures and better plugging effects.
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However, merely increasing the combination types of temporary plugging agent par-
ticle sizes does not necessarily yield better temporary plugging effects. By comparing
the pressure curves during in-stage TPF of specimens 1# and 2#, it is evident that
increasing the proportion of larger particles can better exploit the bridging effect of
the plugging agent, thereby avoiding the loss of smaller particle plugging agents.

2. Higher concentrations of TPA lead to more pronounced TPF breakdown pressures,
facilitating the formation of multiple, wider diversion fractures, thereby achieving
significant plugging effects. During the in-fracture TPF phase, the TPA sizes in the
experimental design are relatively small, allowing hydraulic fractures to provide
ample migration and filling space for the TPA. However, during the in-stage plugging
phase, the migration space for the plugging agent is limited, resulting in two groups
of wellbore plugs (1# and 4#). Therefore, in actual field TPF operations, the upper
limit of plugging agent concentration should be considered more carefully.

3. For shale reservoirs with high density of BPs, specimens with relatively lower BP
density exhibit good performance in both in-fracture and in-stage TPF, forming com-
plex fracture networks. Conversely, specimens with higher BP density perform better
in-stage than in-fracture TPE.
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Nomenclature

TPFE temporary plugging fracturing
TPA temporary plugging agent

BPs bedding planes

S clusters’ spacing

L width of the treatment zone
B empirical parameter

U viscosity

t fracture propagation time

Q injection rate

E elastic modulus of rock

E plane strain elastic modulus

K’ modified fracture toughness

R fracture propagation radius

oy maximum horizontal principal stress
oy, minimum horizontal principal stress
Oy vertical stress

Subscript:

l experimental parameters

f field parameters
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