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Lost circulation critically jeopardizes drilling safety and efficiency, and remains an unresolved challenge
in oil and gas engineering. In this paper, by utilizing the self-developed dynamic plugging apparatus and
synthetic cores containing large-scale fractures, experimental research on the circulation plugging of
different materials was conducted. Based on the D90 rule and fracture mechanical aperture model, we
analyze the location of plugging layer under dynamic plugging mechanism. By setting different pa-
rameters of fracture width and injection pressure, the laws of cyclic plugging time, pressure bearing
capacity and plugging layers formation were investigated. The results show that the comprehensive
analysis of particle size and fracture aperture provides an accurate judgment of the entrance-plugging
phenomenon. The bridging of solid materials in the leakage channel is a gradual process, and the for-
mation of a stable plug requires 2-3 plug-leakage cycles. The first and second cyclic plugging time was
positively correlated with the fracture width. Different scales of fractures were successfully plugged
with the bearing pressure greater than 6 MPa, but there were significant differences in the composition
of the plugging layer. The experimental results can effectively prove that the utilized plugging agent is
effective and provides an effective reference for dynamic plugging operation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

The ongoing technological evolution within the hydrocarbon
sector has precipitated a shift in exploration and production focus,
transitioning from shallow formations to increasingly deeper
stratigraphic reservoirs (Su et al., 2020; Zhang, 2020). Deep and
ultra-deep well drilling operations encounter formidable geolog-
ical constraints characterized by extreme thermobaric conditions,
heightened in-situ stresses, and pervasive fracture networks,
thereby inducing recurrent wellbore stability complications
including but not limited to lost circulation, formation fluid influx,
and borehole collapse. Drilling data reveals that lost circulation
incidents constitute over 70% of non-productive time and opera-
tional complexity (Sun et al., 2021), resulting in not only sub-
stantial economic depletion but also compounded safety hazards

* Corresponding author.
E-mail address: zhangyq@cup.edu.cn (Y.-Q. Zhang).
Peer review under the responsibility of China University of Petroleum
(Beijing).

https://doi.org/10.1016/j.petsci.2025.07.010

and consequential production impairment (Xu et al., 2021; Bao,
2020).

As a multicomponent hydrocarbon province, China’s Ordos
Basin exhibits complex structural architecture along its northern
margin, encompassing three principal structural domains, specif-
ically the Yishan Slope, Yimeng Uplift, and Tianhuan Depression,
regions within which pervasive fluid migration pathways
demonstrate significant spatial heterogeneity in leakage intensity
(Jiang et al., 2024). Fracture-dominated leakage mechanisms pre-
vail, with borehole image log interpretation revealing multiscale
fracture systems spanning millimeter-to centimeter-scale aper-
tures at depth. Advanced fluid loss control simulation systems,
engineered per API 13B-1/ISO 10414 specifications, enable rational
design of sealing slurry formulations through reconstructed frac-
ture networks, thereby mitigating empirical uncertainty in field
operations (Zhang, 2020). Contemporary apparatus configura-
tions, such as bridging material testers (Nasiri et al., 2017), high-
pressure apparatus (Jeennakorn et al., 2017), and DL-series de-
vices (Wang et al., 1997), share a consistent tripartite architecture
composed of a pressure generation module, a fracture simulation
chamber enabling aperture adjustment through interchangeable
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spacer plates, and integrated real-time monitoring instrumenta-
tion. While permitting quantitative assessment of sealing efficacy
across variable fracture widths, these systems exhibit persistent
limitations including compromised experimental reproducibility,
absence of dynamic pressure monitoring capabilities, and pre-
mature seal failure artifacts.

To elucidate fracture sealing mechanisms in fluid loss control,
systematic experimental investigations have been conducted
across multiple research paradigms. Yan et al. (2021) developed
the DL-3A thermobaric evaluation system, which utilized dual-
phase bridging agents to simulate fracture conditions with circu-
lar apertures ranging from 1 to 5 mm and sealing slurry volumes of
2 L. In parallel, He et al. (2017) introduced a pressure-regulated
visualization platform capable of dynamically adjusting fracture
widths between 0 and 50 mm while maintaining control precision
within +2 kPa, thereby enabling real-time observation of seal
formation dynamics. Xu’'s research (Xu et al., 2023) achieved
methodological breakthroughs through multiscale analysis, uti-
lizing a microfluidic apparatus with 3-5 mm transparent fractures
to quantify plugging kinetics at 0.6 mL/s flow rates. This approach
defined sealing efficiency via temporal thresholds critical for sta-
ble barrier establishment. Complementing this, a tribological
model incorporated shear failure mechanics within sealing
matrices (Xu et al., 2019), identifying friction coefficients as critical
determinants of plug integrity through finite element simulations
of stress propagation.

Conventional fracture simulation templates are restricted by
length limitations capped at 10 cm, a critical factor hindering
comprehensive analysis of fluid containment dynamics. Re-
searchers have further explored the microscopic bridging mech-
anism by improving the length of the plate or employing coupled
CFD-DEM simulations. Yu (2014) pioneered macro-scale experi-
mentation through a 30 cm full-diameter core module with 2 mm
fractures under thermobaric conditions, enabling formulation
optimization of sealing slurries. Building upon this, Calcada et al.
(2015) engineered a 1.5 m fracture apparatus quantifying gran-
ular material performance while Wang et al. (2022) developed
configurable 0.8 x35 cm fracture systems with triaxial evaluation
metrics. Transitioning to computational mechanics, Wu et al.
(2025) established critical bridging thresholds through CFD-DEM
analysis of flaky fibers in tortuous fractures, revealing force
chain network integrity as the stability determinant. Concurrently,
Lin et al. (2024) demonstrated thermal degradation mechanisms,
which is that exposure in high temperature reduces particle fric-
tion coefficients and drilling fluid viscosity. Liu et al. (2023) opti-
mized dynamic sealing through two key strategies: pressure
differential window control and hybrid particle distributions with
a D50 range spanning 50-150 pm, which significantly enhanced
density in rough fracture environments. Ma et al. (2024) further
advanced dual-porosity modeling, correlating permeability
reduction in sealed zones with fracture reopening pressure
enhancement.

Critical knowledge gaps persist in real-time sealing kinetics and
micromechanical architectures of sealing matrices. Quantitative
analysis of particulate migration dynamics and stress redistribution
during barrier formation necessitates advanced fracture systems
exceeding conventional length scales. Liu et al. (2023) developed a
simulation device for leakage plugging of active-water and fissure-
cavern, which consists of five parts: a fissure-cavern simulation
system, a formation water simulation system, a plugging slurry
injection system, a wellbore simulation system and a data acqui-
sition system, etc. It can simulate a water flow rate of 10 m/min and
a pressure resistance of 2 MPa. The leakage channel consists of a
cement plate with a slit length of 30 mm, and the maximum
plugging slurry dosage is 20 L.
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Therefore, in response to the problems of smaller fracture
length, non-dynamic cyclic plugging, metal fracture material and
vertical fracture channel mentioned in the above research, the
author conducted dynamic cyclic plugging experiments on large-
scale fractures based on a self-developed dynamic plugging
equipment. The experiments were conducted with cement cores
more similar to the friction coefficient of the formation, and the
fracture channels were oriented horizontally. The large-scale dy-
namic cyclic plugging experiments with different fracture widths
and injection pressure parameters were conducted to analyze the
influence of cyclic plugging time, pressure-bearing capacity and
the formation of plugging layer. The experimental results can
provide a basis for the design of cyclic plugging slurry and fracture
cyclic plugging operation design.

2. Methodology
2.1. Mechanism of fracture plugging layer formation

The plugging of the leakage layer is realized by plugging slurry
carrying material into fractures, and thus design of the slurry is the
crucial for the process (Fig. 1). At present, there are many theories
and rules about the design of bridging particle size of plugging
materials, and different theories have their own scope of appli-
cation. Commonly used theories and rules are 1/3 bridging theory,
D50 rule, D90 rule, ideal filling theory and so on. In recent years,
with the development of research techniques, a number of lost
circulation material design methods for fracture have been pro-
posed, as shown in Table 1. The new methods are based on fracture
width, but each design method has significant differences. In this
paper, the research is carried out according to the D90 rule for
designing the grain size ration.

Meanwhile, in the complex downhole situation, the fracture
width may change dynamically under the influence of wellbore
pressure and other factors (Lee and Taleghani, 2020, 2022; Li et al.,
2021; Wang et al., 2019), while the above material design methods
are based on static fractures, making it difficult to match the var-
iable fracture width (Feng et al., 2018; Zhu et al., 2019). Therefore,
in this paper, we will also analyze the plugging effect in combi-
nation with the fracture mechanical aperture.

Aperture is the straight-line distance between the walls of a
fracture and is a key parameter in determining the permeability
and the design of the particle size of the plugging material.
Laboratory-measured fracture apertures exhibit significant

/

Main fracture

Bridging plug

Plugging ““g
material

Fig. 1. Schematic diagram of bridging plugging mechanism for natural fractures.
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Table 1
Material design methods for fractures.

Number Name Results Papers

1 D50 rule D50 = fracture width Whitfill, 2008

2 Updated D50 rule D50 > 3/10 fracture width Alsaba et al., 2017

. N D50 > 6/5 fracture width Razavi et al,, 2016
3 Bimodal distribution CDFysp(x) — 1 [] N erf(lnx —ﬂ)]
Msp(X) =7 o3
4 D90 rule The ratio of D90 of materials to fracture width should be 0.5-0.7 Wang et al., 2019
5 Porous medium Fracture width < 2000 um, temperature < 220 °F, rotational speed < 110 rpm, Ezeakacha and Salehi, 2018

enlargement compared to those under in situ conditions, a phe-
nomenon attributed to stress release and resultant dilation during
core retrieval (Wilhelmi and Somerton, 1967; Zeng, 2004). When
the particle size of the plugging material is larger than the aper-
ture, it tends to complete bridging and plugging outside fracture,
forming a raised plugging area that prevents materials from
entering the interior of the fracture. Therefore, an effective plug-
ging layer is not formed inside the fracture, leading to plugging
failure, which is called the entrance-plugging phenomenon
(Fig. 2). It has the illusion of functioning temporarily. When the
cycle is re-established, the plugging layer on the outside of the
fracture is easily dislodged, leading to the reopening of the leakage
channel and reoccurrence of leakage.

This paper derives the fracture mechanical aperture for
downhole high-pressure conditions based on hydrodynamic the-
ory. The analysis assumes (1) multi-fracture leakage is represented
by an equivalent single fracture with established leakage-width
relationships, (2) fracture length-to-width ratios exceed 10:1,
and (3) drilling fluid behaves as an incompressible medium
without wall seepage.

Assuming that the fracture is a parallel smooth infinite width
narrow plate, a single width two-dimensional model is established
as in Fig. 3. The continuity equation of incompressible fluid is
established, and the newtonian fluid constitutive equation is
introduced to establish the two-dimensional incompressible fluid
N-S equation.

Apv1) | 9pr2) _ g
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Fig. 2. Entrance-plugging phenomenon.
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Fig. 3. A single width two-dimensional model.
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The joint consideration of assumptions and boundary condi-
tions, along with the application of the fractal method, is used to
relate the fracture tortuosity (Zhang, 2020).

12u0Q;175
L[(/)g - Gf)H+ Apa]

1
Wm = W =

(3)

where, wy, is fracture mechanical aperture, m; x is fluid viscosity,
Pa-s; Qris the leakage volume of fracture section with width L, m?/
s; rr is the length of mono-flanking fracture, m; L is the width of
fracture, m; § is the tortuosity of the fracture; p is fluid density, kg/
m?>; Gt is the stratigraphic pressure gradient, Pa/m; H is the depth
of the leaking layer, m; AP, is the wellbore annulus pressure
depletion, Pa.

2.2. Experiment apparatus

Fracture aperture variations play a major role while drilling in
fractured formations (Lavrov and Tronvoll, 2005). A decrease in
wellbore pressure once circulation is stopped may lead to fracture
closure. According to the similarity principle, a dynamic plugging
simulation experimental apparatus (Fig. 4) for simulating the
bridging-plugging process of fracture was developed in this study.
The apparatus simulates the process of drilling fluid carrying
plugging slurry into the fracture and evaluates the plugging effect
of the slurry.

As shown in Fig. 5, the apparatus consists of a plugging testing
vessel, a hydraulic power source, a working fluid synthesis system,
a circulating pumping system, and a data acquisition and control
system. The circulating pump system simulates the dynamic
process of drilling fluid carrying lost circulation materials into
fractures, supporting multiple plugging-leakage cycles to mimic
downhole pressure fluctuations. The basic mechanism involves
configuring, stirring, and heating the plugging material to a set
temperature before transferring it into the hydraulic cylinder.
Driven by a plunger pump, the slurry passes through a synthetic
core, with a portion of the material retained within the fracture.
The residual slurry is returned to the heated mixing system,
continuing the cycle until the core is fully plugged and the system
reaches the target working pressure. Based on experimental
specifications, the apparatus integrates a large-scale synthetic core
measuring up to 60 cm in length. This core is constructed with
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Fig. 4. Schematic of experimental equipment.

1 Data acquisition and
control system
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' Table 3
H Synthetic core parameters.
__________________ !+ [Plugging testing vessel Parameters Unit Value
l‘ M 7V ' |
il Sia VA ,'_1 Synthetic core Diameter cm 10
= F Ty Direction / Horizontal
)|y ’ Fracture Width mm 2-10
________ Length cm 50
Type / Curve

Circulating
pumping
system

Working fluid S
1 synthesis

Fig. 5. Photo of dynamic plugging apparatus.

Table 2
Natural fracture width distribution and experimental rationale.

materials engineered to replicate key geological characteristics of
actual lost circulation channels, including friction coefficient and

porosity, thereby restoring stratum fracture p

hysical parameters

for dynamic plugging experimentation. The system operates

within temperature and pressure ranges

of 0-150 °C and

0-25 MPa, respectively. The injection rate of the apparatus is 6 L/

min, the maximum stirring rate is 2900 r/min,
the working fluid synthesis system is 30 L.

and the volume of

Width range, mm  Number  Proportion, %  Permeability, mD  Geological/engineering significance Example cases
0.075-2.0 182 78 <1 Low conductivity; limited impact on fluid flow 3725.3 m (0.075 mm)
2.0-10.0 45 19 1-100 Critical conductive fractures; dominant contributors to permeability ~ 3960.0 m (10.76 mm)
3856.1 m (3.76 mm)
> 10.0 6 3 > 100 Rare structural features; extreme scenarios 4210.0 m (21.68 mm)

Fig. 6. Synthetic cores with different widths.
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Table 4
Hydrogel composition.
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Marsh funnel Density, Hs00 6300 Apparent viscosity, mPa-s Plastic Yield point, Pa Particle suspension
viscosity, s g/cm® viscosity, mPa-s capacity
120 1.18 1134 70.8 56.7 42.6 28.2 High (3-4 mm mica flakes, 5-6 mm nut shells)

Bentonite and CMC

Brown fiber

Fig. 7. Solid materials of plugging agent.

2.3. Experimental procedure

a. Preparation of synthetic cores. Parameters such as particle size
and strength of the core can be adjusted according to the
characteristics of the zone and formation conditions, and the
pattern including line and curve, and width of the fracture can
also be regulated.

. Connect the relevant equipment for debugging and testing to
ensure that systems in the experiment work properly.

. Based on the design of experiment, setting the injection pa-
rameters of the plugging slurry, including the initial pressure,
displacement, and so on.

. Plugging slurry synthesis. The circulating slurry is prepared
with on-site mud and solid materials, while CMC and powder
are added to improve the viscosity. Before the experiment, the
plugging system should be fully stirred until the powder is
completely melted. During the process of the experiment, the
leak plugging system could be adjusted in time according to the
return of the slurry.

. Install the synthetic core into the plugging testing vessel and
turn on the pump to circulate. Observe pressure gauges and
sensor readings. The plugging process is a gradual bridging of
materials, with the cyclic time increases the pressure increases
gradually, after reaching the set parameters, the pump stops
automatically. Observe each instrument to determine the
plugging condition.

. During the experiment, if the values of the pressure sensors are
all equal to 0, the bridge plugging process fails. The experiment
can be stopped at this point.

. If the maximum pressure capacity needs to be tested, the set
pressure value can be altered. It may also be removed and
installed reversed with the synthetic core to test the reverse
pressure capacity.

. The experimental device is dismantled, and photos are taken.

2.4. Experimental materials

2.4.1. Synthetic core

More severe fracture leakage exists in the northern margin of
the Ordos Basin. The selection of the 2-10 mm fracture width range
in our experiments was rigorously grounded in both geological
characteristics of the Ordos Basin and hydraulic functionality of
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fractures. Field data from the studied wells reveal that natural
fractures in the target formation exhibit aperture dimensions
spanning from sub-millimeter scales, specifically 0.075 mm, to
centimeter-scale features with examples reaching 21.68 mm at a
depth of 4210.029 m (Table 2). Width distributions are predomi-
nantly clustered in the millimeter range between 0.075 and
10 mm. Notably, 78% of fractures fall within the 0.075-2.0 mm
category. However, their ultranarrow apertures yield permeability
values below 1 mbD, contributing minimally to fluid flow. In
contrast, fractures measuring 2-10 mm, accounting for 19% of the
total population, demonstrate permeability magnitudes of 1-100
mD and dominate over 80% of the system’s conductivity. A
representative 10.76 mm fracture at 3960.017 m exemplifies this
behavior with a permeability of 85 mD. Thus, the 2-10 mm range
was prioritized to target fractures that are geologically represen-
tative, despite their lower abundance. Pressure fluctuations can
make the fracture have a breathing effect, resulting in a larger
fracture width. Experiments with millimeter-to centimeter-scale
widths were designed based on the background. Experiments
were conducted with five different fracture widths of 2, 4, 6, 8, and
10 mm (Fig. 6). Controlling the width as the only variable, the rest
of the parameters, such as particle size, length, and gelatinizing
time, were kept consistent. The fracture was uniformly set as S-
curve. The core parameters are shown in Table 3.

2.4.2. Plugging material

The plugging slurry is the key to the dynamic cycling experi-
ment and the suspension of the solid particles. After completing
the slurry formulation, the rheological parameters of the plugging
slurry were tested, as shown in Table 4.

Table 5
Solid plugging agent composition.
Material type Unit Value
Slurry kg 15
CMC g 100
Water g 600
Bentonite g 173
Brown fiber Length mm 5-8
Mass g 32
Micas Diameter 1 mm 0.5-0.65
Diameter 2 mm 1.3-14
Mass 1 g 170
Mass 2 g 150
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Fig. 8. Ratio of plugging pressure to injection pressure.

The experiments were conducted by using solid plugging ma-
terial and pure gel material respectively. The solid material plug-
ging agent contains slurry, high viscosity CMC, bentonite, water,
brown fiber, vermiculite, and stirred for 15 min to make it well
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Table 6
Repeatable experiments.

Width, mm  Conditions Cyclic time  Plugging times Pressure value
8 2 MPa/25°C  3.5/3.8/1 3 4.11/6.76/11.93
8 2 MPa/25°C  3.6/4.1/08 3 3.98/6.97/11.54
8 2 MPaj25°C  3.7/3.5/12 3 4.24/6.55/12.32
2.0 A —a— 2 MPa
—&— 4 MPa
—a— 6MPa
1.8
£
E 16
14}
5
b=
L 14
©
<
=]
§ 1.2
w
1.0 A
0.8

N

Fracture width, mm

Fig. 9. Fracture mechanical aperture.

mixed (Fig. 7), and the dosage of the material is shown in the table
below.

The selection of fiber and mica as plugging materials was
guided by their intrinsic properties, geological compatibility, and
operational demands. Fibers form a 3D network to fill fractures
and adapt to dynamic aperture changes caused by the respiratory
effect, while mica’s flaky morphology provides rigid mechanical
support under high pressure, synergistically enhancing bridging
stability. This design aligns with the Ordos Basin’s fracture char-
acteristics, where millimeter-scale fractures dominate, but
centimeter-scale ones locally develop. The composite system ad-
dresses field challenges, traditional granular materials often fail in
high-conductivity fractures due to erosion, whereas the fiber-mica
combination mitigates leakage via network flexibility and
pressure-resistant filling, ensuring durability under cyclic pressure
fluctuations. This rationale, supported by field data and material
mechanics principles, has been incorporated into the experi-
mental materials section.

Based on the results of Whitfill and Wang in Table 5, the D50
and D90 values of the solids were designed to be 0.65 and 1.4 mm
for a width of 2 mm. The effectiveness of the formulation for larger
widths of fractures under the dynamic plugging mechanism was
investigated to analyze the adaptability.

According to the experimental results, the fracture plugging
was analyzed by the ratio of plugging pressure and injection
pressure, as shown in Fig. 8. The location of the plugging and the
degree of densification varied under different conditions. Overall,
each set of experiments resulted in the formation of dense plugs at
the front and back ends, indicating that the formulation is well
adapted to the dynamic plugging mechanism. The plugging in the
middle end of the fracture shows significant differences. Three of
the five particle sizes form a dense plugging layer with a coverage
ratio exceeding 80% under a pressure of 2 MPa. With the gradual
increase of pressure, the pressure ratio in the middle of the frac-
ture is less than 80% at 6 MPa, forming a more loose plugging layer.
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Table 7
Entrance-plugging phenomenon statistics.
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Width, mm Length, m Displacement, Tortuosity Aperture, mm Whether or not plugging at the entrance
L/s
2 0.5 0.1 1.6 1.136 Plugging, 2 times
0.901 Plugging, 2 times
0.788 Plugging, 2 times
4 1.432 Partially plugging, 2 times
1.136 Partially plugging, 2 times
0.993 Partially plugging, 2 times
6 1.639 Plugging, 2 times
1.298 Plugging, 2 times
1.136 Plugging, 2 times
8 1.804 Unplugged
1.432 Unplugged
1.251 Plugging
10 1.943 Unplugged
1.542 Unplugged
1.347 Partially plugging
wellbore liquid column, thus effectively controlling the leakage of
Table 8 wellbore working fluids (Yang et al., 2019). In this section, the
Hydrogel composition. results of experiments on plugging fractures with solid and gel
Material type Unit Value mater.ials are analyzed_. A comparative analy_sis qf the expel_'iments
of solid and gel materials for fracture plugging is also carried out.
Main ingredients g 950
Enhancer g 300 .
Water ke 5 3.1. Effect of fracture aperture on entrance-plugging
Response agent g 15

Although the material particle size design D50, D90 characteristic
value only meets the 2 mm fracture width, but in the cyclic
plugging process, the 4-10 mm wide fracture can also realize a well
plugging effect. The way of circular plugging can effectively
expand the range value of D50/D90 rule and relatively slow down
the degree of entrance-plugging phenomenon.

2.5. Description of experimental reproducibility

To verify the reproducibility of the experiment, several repli-
cated experiments were conducted for the 8 mm fracture width,
and the plugging process and pressure-bearing performance of a
fracture width were analyzed under the same conditions.

As show in Table 6, repeatability experiments showed a very
high degree of similarity in the results, including the process of
stabilizing the plugging layer formation as well as the plugging
time. The pressure readings after the formation of the stabilized
structure are also not very different. Their errors are all less than
5%.

3. Results and discussion

The process of forming a fracture plugging layer is generally
regarded as multiple transport, retention and percolation filling of
the plugging material, which eventually forms a stable layer to
isolate the pressure in the fracture and the pressure of the

Table 9
Factors affecting gel formation.

During the plugging process, the particle material is mixed in
the plugging slurry, the wellbore pressure is higher than the for-
mation pressure, and the slurry carries the material in a unidi-
rectional flow state from the wellbore to the fracture. If the
maximum diameter of the bridging particles in the plugging ma-
terial is larger than the mechanical aperture of the fracture,
entrance-plugging phenomenon may occur, thus blocking the
entry of subsequent particles. The entrance-plugging phenome-
non is analyzed by calculating the fracture mechanical aperture
according to Eq. (3), and combining with the characteristic values
of particle size D90 and D50.

From Fig. 9, at the same fracture width, the aperture decreases
with increasing pressure. Under the same pressure condition, the
aperture increases with the increase of width. Under the experi-
mental conditions of this paper, the minimum value of fracture
aperture is the value of width of 2 mm at pressure of 6 MPa, which
is 0.788 mm, and the maximum value is the value of seam width of
10 mm at pressure of 2 MPa, which is 1.943 mm. Fracture aperture
is affected by multiple factors such as pressure, width and length.

Entrance-plugging phenomenon is not only affected by the
fracture aperture, but also has a great relationship with the design
of the particle size of the plugging material. In this paper, D50 and
D90 characteristic values of the solid particles of the plugging are
counted and analyzed in combination with whether the entrance-
plugging phenomenon occurs or not, and specific parameters are
listed in the table below.

As shown in Table 7, varying degrees of entrance-plugging
phenomena were observed during the experiment. Significant
entrance-plugging occurs when the fracture aperture is < 1.3,

Number Time, h Temperature, °C Heating method Gas tightness Gelation status

1 6 120-140 Water bath Hermetic Gel achieved

2 5 120-140 Water bath Hermetic Gel achieved

3 4 120-140 Water bath Hermetic Gel achieved

4 3 120-140 Water bath Hermetic Gel achieved

5 3 100-120 Water bath Hermetic Gel achieved

6 2.5 100-120 Water bath Gas-tight Gel not achieved
7 2 100-120 Water bath Non-gas-tight Gel not achieved

3647



Z.-W. Hu, Y.-Q. Zhang, ].-S. Wang et al.

Petroleum Science 22 (2025) 3641-3654

- Fore end - Fore end
74 [ Middle end 7 1 [ Middle end
[ Back end [ Back end
© © 6
o o
= =
@ ° 5
173 13
173 13
9] o
> > 4
£ £
o <
2 2 3
173 13
o j
o oo,
1
0
2 4 6 2 4 6
Injection pressure, MPa Injection pressure, MPa
2mm 4 mm
8 13
[ Fore end 12 4 [ Fore end
7 4 [ Middle end [ Middle end
[ Back end "1 I Backend
© ©
o o
= =
] ]
123 173
173 0
o 3}
> >
£ £
< <
=3 3>
3 3
3] 3 3.763
o o
2 4 6 2 4 6
Injection pressure, MPa Injection pressure, MPa
6 mm 8 mm
8
[ Fore end
74 [ Middle end
[ Back end
© 61
o
=
Z°
3 Experimental conditions
Z 4 ®P.=2-6MPa @ T=25°C
£ ®d=2-10mm @L=50cm
EE
@
o
a2
1
0
2 4 6
Injection pressure, MPa
10 mm
Fig. 10. Effect of differential pressure on plugging layer.
corresponding to twice the D50 particle size. Partial entrance- When the width is 2 and 6 mm, both of them have a cavity in

plugging develops when the aperture ranges from 1.3 to 1.4. the middle, indicating that after the first formation of the plugging
Complete absence of entrance-plugging is observed when the layer and then being pressed and leaked, the particles are trans-
aperture exceeds 1.4, equivalent to the D90 particle size. ported to the vicinity of the outlet to form the plugging again.
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Subsequently, the particles at the front end piled up again to form
the plugging layer. The particles could not stay in the center and
could not enter the center. Therefore, it was judged that the
entrance-plugging phenomenon occurred twice in the plugging
process. The plugging process for a width of 4 mm was similar to
that of 2/6 mm, but some of the material accumulated at its middle
end to form a more transported plugging layer, but the entrance-
plugging phenomenon also occurred twice. The partially plug-
ging phenomenon occurs when the fracture with a width of 10 mm
has an entrance-plugging phenomenon of 1.348 mm under 6 MPa
pressure, which is in the range of 1.3-1.4. This is manifested by the
fact that its inlet and outlet pressures are almost equal to the in-
jection pressure, while the pressure at the middle end is slightly
smaller than the injection pressure, indicating an undense plug-
ging layer in the middle. It is worth mentioning that the law
summarized above is consistent with the overall law of 15 groups
of experiments, and the prediction accuracy reaches 86.7%, among
which two groups of experiments, on the other hand, have in-
consistencies, respectively, the width of the fracture is 4 mm/
2 MPa, and the width of the fracture is 6 mm/2 MPa. However, the
entrance-plugging phenomenon from the fracture openings is still
analyzed with a high accuracy.

3.2. Effect of differential pressure on plugging results

Differential plugging pressure determines the pressure
gradient between the inlet and outlet of the fracture, which affects
the transportation behavior of the plugging material in the hori-
zontal direction within the fracture, and has a significant effect on
the plugging effect. In the research of previous scholars, the dif-
ferential plugging pressure has a significant effect on the location
of bridging, the length of plugging section and the porosity of
plugging layer. Under the condition of 1 MPa, the length of plug-
ging section is shorter, especially the effective plugging section is
looser. Under the condition of 8 MPa, the length of the plugging
layer is longer, and the shape of the plugging body is complete and
dense (Bao, 2020). This section analyzes the effect of plugging
layers of multiscale fractures at different plugging pressure
differentials.

The effect on the fracture plugging process at different injection
pressures is show in Fig. 10. Several injection pressures were set
during the cyclic process, respectively 2, 4 and 6 MPa. The

Experimental conditions 5._0
@®P.=2MPa  @T=25°C /‘

@d=2-10mm @L=50cm

\

N}
L P

N}

93

Time, min

6
Fracture width, mm

(a) Time of first plugging
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experimental temperature was 25 °C and the length of the fracture
was 50 cm. The pressure in the vessel is generally positively
correlated with the injection pressure, indicating that plugging
was achieved in all experiments for all slit widths, but with slight
differences in their plugging characteristics. The experimental
results for 2-6 mm clearly show a trend of high pressure at the fore
end and back end, and a low pressure in the middle. Whereas, 8
and 10 mm fracture widths show higher pressure at the fore end
than at the middle and back ends. This indicates that the plugging
layer of small size fracture is formed at the fore and back ends with
a cavity in the middle, whereas the plugging layer of relatively
large size fracture forms a plugging throughout the leakage
channel.

For the 2 and 6 mm fracture, the formation of the middle cavity
is due to the plugging at the fracture entrance phenomenon, which
has been discussed in Section 3.1, so its plugging layer forms a
relatively dense plugging layer at the fore and back ends. 4 mm
fracture forms a relatively dense plugging layer throughout the
leakage loss channel, the pressure at the fore and back ends is
equal to the plugging pressure, and the central pressure value is
smaller, but still can withstand a certain amount of pressure. And 8
and 10 mm fracture plugging effect is the best, in the whole
leakage loss channel have formed a dense plugging layer, and the
plugging pressure is basically the same. It is worth noting that the
experimental results for the 4 mm fracture have a certain degree of
chance. It indicates that the plugging at the fracture entrance
phenomenon does not occur after reaching the conditions. This
may be caused by the mechanism of dynamic plugging, because
after plugging at the fracture entrance, there still exists the pos-
sibility of pressure leakage, thus restarting the whole plugging
process.

3.3. Effect of different fracture widths on cyclic time

Solid bridging plugging agents generally consist of a mixture of
several types of materials with a significant variation in their
properties. Even for the same material of the same size, its shape is
not regular and uniform. In the process of bridging plugging, there
will be a certain degree of chance. This effect will affect the cyclic
time of the experiment to some extent. Therefore, this paper
conducted a regularity study on the cyclic time by using multiple
repetitions of the experiment.

Experimental conditions
@®P.=2MPa  @T=25°C
®@®d=2-10mm @L=50cm

: First plugging time 5.0

D Second plugging time

Third plugging time
[ i prgoig .

3.8
3.5

Time, min

Fracture width, mm

(b) Time to form stable layers

Fig. 11. Analysis of fracture plugging time with different scales.
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Fig. 12. Pressure fluctuation analysis.

Taking the cyclic time as the evaluation indicator, the synthetic
core plugging law was explored for five curve fractures with the
fracture widths of 2, 4, 6, 8, and 10 mm, respectively. The cycling
process pumps the plugging system into the fracture at a constant
rate, while the plugging material gradually bridges and fills all the
fracture and pore spaces in the process, forming the plugging layer.
Thus, it has strong inter-particle force to ensure that the estab-
lished plugging layer has a strong ability to withstand wellbore
pressure. The experimental results are shown in Fig. 11 below.

Fig. 11 shows the cyclic plugging process for synthetic cores
with different fracture widths. As shown in Fig. 11(a), the cyclic
time increased from 2.7 to 5 min as the fracture width increased
from 2 to 10 mm, indicating that the cyclic plugging time increased
with the increase of width. The irregular particles were trans-
ported, collided and flipped during the pumping process, and
gradually stayed in the fracture in the form of bridging to form the

plugging layer. When the width of the fracture is less than or equal
to 8 mm, the difference in cyclic plugging time varies slightly,
indicating that the plugging formula can rapidly plugging the
fractures below 8 mm, and its average cyclic time is 3 min. When
the width increases to 10 mm, the cyclic time is up to 5 min, which
is increased by 66.6%. In Fig. 11(b), the time required for the first
and second plugging is positively correlated with the width, and
the relationship between the third cycle time and the width is not
obvious. After completing three plugging-leakage cycles, all syn-
thetic cores were completely plugged, and the maximum bearing
pressure could reach 10 MPa. The second cyclic plugging time
increased gradually from a minimum of 2-4.2 min, while the third
cyclic time was below 2 min. The results showed that the fracture
was essentially completed filling of the fracture volume after two
cycles, and a stable plugging layer could be formed after one more
cycle. The process will go through several bridging-plugging-

Fig. 13. Schematic diagram of core taking out.
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2 mm-coir fiber 4 mm-coir fiber

(b) 2 mm core section (c) 4 mm core section

6 mm-coir fiber and vermiculite 8 mm-coir fiber and vermiculite

(d) 6 mm core section (e) 8 mm core section

Fig. 14. Composition of the plugging layer.

leakage times during the cycles. Its pressure-bearing performance 3.4. Effect of different fracture widths on pressure fluctuation

will be gradually improved because the material is constantly

compacted in the process, thus improving the pressure-bearing In this section, the pressure fluctuation of the cyclic plugging
capacity. process is analyzed since bridging plugging is a gradual process.
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Fig. 15. Analysis of the composition of plugging layers.

The fracture plugging layer all showed pressure fluctuation during
the horizontal loading process. That is, the pressure-bearing ca-
pacity varied due to small changes in the internal structure of the
particles system and the movement of the plugging position. After
the initial pressure changes, the pressurization was continued and
the variation process was repeated (Kang et al., 2021; Ma et al,,
2024).

Fig. 12 records the values of three sensors at the fore, middle
and back end of the reactor during the cyclic plugging of the 4 mm
fracture. The experimental conditions include an inlet pressure of
3 MPa, a temperature of 25 °C, a fracture length of 50 cm, a cyclic
time of 3 min, and a total of 60 data points of pressure recorded.
The pressure values in the vessel need to circle for a period before
increasing. The graph shows that in time steps 1-50, the pressure
values fluctuate within 0.3 MPa, and only a very few time steps are
greater than 0.5 MPa. In time steps 50-55, the pressure values
gradually increase to 0.8 MPa, and then rapidly increase to more
than 4 MPa in the next 5 time steps. This phenomenon indicates
that cyclic plugging is a process of material accumulation in the
leakage channel, which can be divided into stage I material accu-
mulation and stage II plugging formation. Stage I accounts for 90%
of the time in the whole plugging process, while stage II plugging
process only accounts for 10% of the time, and the pressure also
increases rapidly in the last 10% of the time. At the same time, it
should be noted that although the injection pressure is set to
3 MPa, the transient fluctuation value of reactor pressure reaches

Fig. 16. Unheated state of gel plugging agent.
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Fig. 17. Gel state after heating in water.

6-7 MPa due to the compression effect of the material under high
pressure and the uneven tightness of the leakage channel, which
has a certain hysteresis. Fig. 12(b) shows the pressure values after
the formation of the plugging layer, and it can be seen that the
values fluctuate within the range of slightly less than the inlet
pressure, which further supports the analysis that the plugging
layer is gradually compacted during the bridging process.
Secondly, two sub-bar graphs for stage I and stage II are also
shown in Fig. 12(a). They show the pressure variations at the front
and middle ends of the vessel in time steps 1-30 and time steps
50-60, respectively. As can be seen from the plots, the pressures at
the front and middle ends are almost less than 0.2 MPa during
steps 1-20, indicating that the process material cannot accumulate
at this point. In contrast, there are four moments at the back end
that are greater than 0.5 MPa, where material accumulation starts
from back to front. This can be demonstrated in the 56 time step,
where the pressure values are significantly larger at the back end
than at the front and middle ends, showing an increasing trend. In
addition, there is a 56-60 time step pressure fluctuation phe-
nomenon can be seen, the process of gradual pressurization after
the formation of the plugging layer, the pressure value of the fore
end and the back end is almost equal, while the pressure value of
the middle is slightly smaller. This phenomenon indicates that the
material formed a plugging layer at each of the fore end and back
end, while the material in the middle was relatively untightened.
That is, the build-up process starts initially at the back end of the
vessel and gradually accumulates towards the middle and front
ends. After a certain degree, the material could not enter smoothly,
and then accumulated again at the fore end, thus causing the

120

@ ©
=] o

Marsh funnel viscosity, s

I
o

Time, h

Fig. 18. Viscosity variation of gels.
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Table 10
Comparative analysis of different material.

Petroleum Science 22 (2025) 3641-3654

Types of plugging agents Heating in water Pressurization

Width/length of fracture

Cyclic time min Pressure-bearing capacity

Solid materials / Axis

Hydrogel-no cyclic 120 °C Axis
6h

Hydrogel-cyclic 120 °C Axis
6h

10 mm/50 cm 5/4.2/0.2 > 6 MPa
10 mm/50 cm / 0.3-0.4 MPa
10 mm/50 cm 2.7/0.9/0 > 6 MPa

phenomenon that the pressure values were equal at both ends and
small in the middle.

3.5. Effect of different fracture widths on composition of plugging
layer

The insufficient strength of the plugging layer or the resulting
false plugging also have a great impact on the efficient drilling
operations. The main components of the plugging layer with
different seam widths are obtained by analyzing the core sections
after the completion of plugging operation.

After the completion of the experiment, the mold and the core
were separated and the overall morphology of the core was
observed, as shown in Fig. 13. It can be seen that the core still has a
more complete morphology after the completion of the experi-
ment, and the cross-section shows that there is a fracture filled
with various plugging materials. After removing the core, the
length of the core can be measured to be about 46 cm, which is 8%
different from that before the experiment, and the preservation is
complete.

Fig. 14(a)-(e) demonstrate the entire and sectional plugging
morphology of the core. One can see the materials constituting the
plugging layers of the cores are quite different. As shown in Fig. 14
(b) and (c), the main material filling in the 2 and 4 mm fracture is
fiber, which occupies almost 90% of the composition. When the
width increases to 6 mm, the mica begins to appear in the mate-
rials constituting the plugging layer and have a larger specific
gravity of 40%. In the plugging layer with a width of 8 mm, more
than 80% of the material is mica. Subsequently, the author
measured the quality of the different materials, as shown in Fig. 15.

The formulations utilized in this experiment are highly adapt-
able and provide good plugging for a wide range of fracture scales.
The discovery also provides a theoretical basis for the design of
drilling fluid plugging slurry formulations.

3.6. Analysis of different plugging materials

The author also explored the effect of a hydrogel material on
fracture plugging and compared it with rigid materials. The gel
was first synthesized, and the process and components were as
follows (see Tables 8 and 9).

Combine the ingredients and mix for 15 min as shown in
Figs. 16 and 17. Subsequently, the prepared gel was poured into
the synthetic core. The gel was heated by high temperature water
bath, and condensed under high temperature 120 °C and pressure
2.5 MPa for 6 h, and the gel was jelly-like with certain viscoelas-
ticity. After completing the heating, it was put into the reaction
vessel and the gel was found to be airtight when installed.

By testing the viscosity of the gel, it can be found that its vis-
cosity is relatively stable, and the difference between the viscosity
after 24 h and that when the gel is just formed is very small, as
show in Fig. 18. Secondly, the effects of gel coagulation time and
temperature were investigated, and the results showed that the
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gel can be formed into a gel with a minimum of 3 h coagulation in a
water bath, and the temperature cannot be lower than 100 °C, at
which time the gel has a good airtightness.

A comparative analysis of the pressure-bearing capacity of
synthetic cores for 10 mm fracture in solid material plugging
agent, hydrogel plugging agent without cyclic and hydrogel plug-
ging agent with cyclic plugging is carried out in this section.

From Table 10, the composite plugging method is more effec-
tive for the plugging of large-scale fracture. When only solid ma-
terials are used, 3 cycles are required to form a stable plugging
layer, and the total duration is about 10 min. When hydrogel is
used without cycling, the material after forming the gel is soft,
which has a certain degree of adhesion, but it cannot form a stable
plugging layer, though it has a good airtightness. The pressure
values at the fore and back ends showed some degree of difference,
about 0.3-0.4 MPa. Using hydrogel combined with cyclic plugging,
there is a significant increase in cyclic time, the cyclic time is
reduced to 3.6 min, forming a stable plugging, the experimental
process of pressure capacity greater than 6 MPa.

4. Conclusion

Based on the large-scale curved fracture cyclic plugging ex-
periments conducted under the conditions of this paper, the
following conclusions are obtained.

(1) The entrance-plugging phenomenon is predictable via
fracture aperture analysis. Under dynamic cyclic plugging,
entrance-plugging is avoidable when aperture exceeds the
D90 threshold, whereas apertures smaller than 2 times the
D50 value form central cavities.

(2) Bridging by solid materials progresses gradually, requiring
2-3 plugging-leakage cycles for stable plugging layers.
Plugging time correlates positively with fracture width.

(3) Pressure fluctuations within the range of 0-0.3 MPa during
cycling stabilize rapidly post-material accumulation,
achieving a pressure-bearing capacities more than 6 MPa
and an instantaneous maximum pressure of 11.9 MPa.

(4) Plugging layer distribution varies with fracture width.
2-6 mm fractures exhibit dual-end plugging with mid-
cavities, while 8-10 mm fractures form fore-end-dominant
layers with mid-back low-pressure zones.

(5) All tested fractures were successfully sealed using com-
posite materials. Fiber-dominated layers adapt to narrow
fractures (2-4 mm), transitioning to mica-dominated com-
positions (8-10 mm), demonstrating material adaptability
for multi-scale fracture systems.

The current apparatus is specifically optimized to simulate
dynamic plugging processes in isolated S-curved single fractures
(lengths< 60 cm, widths 2-10 mm), yet its scalability to complex
fracture networks, such as branching or intersecting systems, re-
mains constrained by inherent design limitations. The synthetic
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core fabrication process currently supports only predefined single-
fracture geometries, while the fluid circulation system lacks in-
dependent control for multi-fracture flow partitioning or stress
interaction modeling. Concurrently, there is still a lack of accurate
and efficient analytical methods for the structure and components
of the plugging layer after the experiments. The above deficiencies
will be gradually improved in subsequent studies.
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