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During workover operations in high-pressure gas wells, heavy mud losses may occur, reducing gas
production. Refracturing is an effective means to restore production. The influence of heavy mud loss on
refracturing is still unclear. In this paper, split core is designed to simulate the fractures of the initial
transformation, transparent sand-filled pipe is designed to simulate the sand filled fractures, and the
experiment of heavy mud leakage in artificial fractures under different conditions is carried out by using
the displacement device, combined with CT scanning and pressure monitoring means. The influence of
heavy mud loss on permeability of artificial fracture, repeated reconstruction construction pressure and
flow channel configuration in artificial fracture is analyzed. The results show that workover heavy mud
(WHM) loss has the greatest permeability damage to the proppant fracture packed with large particle
size, up to 97%, and the fracture permeability damage of 40/70 mesh ceramsite packing is only 0.3%—
0.7%. Slit core permeability damage is the least, and the decrease range is 10%-20%. The damage of
matrix core permeability measured by gas is no less than 60%. Before and after the loss of WHM, the
injection pressure increases significantly, up to 80 times. Combined with the CT scan results, it is found
that after WHM loss, the nitrogen blowout and refracturing incompletely remove the pollution, and
there is a “pollution cage” in the fracture, which is the main reason for the high construction pressure of
refracturing and low production after refracturing. The research results provide theoretical basics for the

refracturing of WHM loss wells.
© 2025 Southwest Petroleum University. 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/).

1. Introduction

well cannot meet the requirements of development and distribu-
tion. After the initial reconstruction, during the long-term pro-

The Tarim Basin is the largest onshore oil and gas basin in
China, and Kuga piedmont is the key natural gas production area of
Tarim oilfield. The fractured tight sand stone reservoirs in this area
are characterized by burial depth (over 7000 m), high formation
pressure (the maximum reservoir pressure exceeds 150 MPa), high
formation temperature (120-190 °C), and low matrix porosity
(porosity 4%-8%, permeability 0.01-0.1 x 10~ pm?). Reservoir
reconstruction is the key technology to realize economical and
efficient development because the natural productivity of a single

* Corresponding author.
E-mail address: liuyx_6@163.com (Y. Liu).
Peer review under the responsibility of Southwest Petroleum University.

https://doi.org/10.1016/j.petlm.2025.07.002

duction process of the gas well in Kuga piedmont, the wellbore is
faced with complex problems such as wax deposition, scaling and
hydrate blockage, resulting in abnormal production of oil and gas
wells, so well workover operations must be carried out [1,2].
However, the workover process faces the challenge of deep
reservoir burial and high formation pressure. In order to achieve
effective workover and kill operations, barite is often added to the
workover fluid to improve the mud density [3]. The use of heavy
mud workover will cause reservoir pollution, resulting in loss of
production of a single well [4,5]. After workover, it is necessary to
resume production through refracturing [6-9]. In the process of
refracturing, some Wells have problems such as abnormal con-
struction pressure and large difference in productivity after
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fracturing. The workover operation procedure is complicated, and
the solid particles in the heavy mud during workover will invade
the reservoir and block the rock pores [10-13]. Combined with the
comparative analysis of the data of the repeatedly reconstructed
well polluted by heavy mud during workover, it is found that the
heavy mud loss is the main reason (Table 1).

Most of the existing mud contamination experiments mainly
focus on drilling mud, whose components are mainly water,
bentonite, polymers, salts and other additives, in order to achieve
the performance required for drilling. Mud leakage and intrusion
into the reservoir will cause a series of adverse consequences. On
the one hand, after the filtrate invents the stratum, it will form
multi-point adsorption of organic polymers, water locking, rock
wetting reversal, and cause clay hydration, expansion, dispersion
and migration in water-sensitive strata, thereby reducing the
permeability of the rock [14-19]. On the other hand, solid particles
in the mud invade the reservoir and clog the pore space, which will
also cause reservoir damage [20-24]. In 1995, Yu et al. [25]
calculated the degree of mud intrusion into the core and the
variation of its depth through a new type of instrument—the JHST
permeability gradient meter without damaging the core, and
found that the depth of mud intrusion in cores with different
permeability was different. Subsequently, many scholars have also
carried out a large number of mud dynamic filtration loss exper-
iments and summarized the law of mud intrusion depth [26,27].
Based on this, a large number of scholars began to study the in-
fluence of different factors on the mud loss of natural fractures,
including displacement pressure difference, fracture width and
roughness [28,29]. In 2020, Guo et al. [30] conducted mud loss
experiments on artificial split cores with different widths and
different fracture surface roughness using a core displacement
device. They found that when the fracture width was less than
150 pm, the mud could not pass through the fracture and a filter
cake would form at the fracture mouth. The above scholars mainly
judged the pollution characteristics of the mud by the amount of
mud loss. In addition, many scholars evaluated the pollution
characteristics of the mud by testing the changes in porosity,
permeability and fracture conductivity of the core before and after
the mud invasion [31,32]. In 2024, Mehdi Rahmati et al. [33]
conducted mud invasion experiments on cored samples with
fractures, and evaluated the changes in porosity, permeability and
conductivity of the samples before and after the experiment. To
more intuitively analyze the pore structure and fracture evolution
of the rock samples before and after the mud invasion, scholars
have also begun to conduct research at the microscale, including
XRD testing, cast thin sections, scanning electron microscopy and
CT scanning techniques [34-36]. In addition, scholars have also
begun to study complex situations such as mud loss under drilling
conditions through numerical simulation methods [37-40]. In
2023, Jin et al. [41] considered the time-varying characteristics of
wellbore temperature and pressure and the distribution laws of
fracture temperature and pressure, and established a coupled
model of temperature and pressure in the wellbore and fractures.
They used the finite difference approximation to numerically solve

Table 1

Statistics of workover heavy mud contamination and refracturing in Kuga piedmont.
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the developed model. The results showed that under high tem-
perature and high pressure conditions, the performance of the
mud would change significantly, which had a significant impact on
mud loss. In 2024, Cai [42] and Jin [43] et al. incorporated the
consideration of fracture morphology into the existing three-
dimensional fracture reservoir drilling fluid leakage model,
further improving the leakage rules of drilling fluid in fractured
formations.

For the simulation experiments of construction pressure, most
scholars adopt the true triaxial physical simulation method for
research [44]. Studies have shown that the injection pressure and
its peak fracture pressure are significantly influenced by the vis-
cosity of the fracturing fluid, the flow rate, the permeability of the
rock, and the mechanical properties of the rock [45-47]. In 2023,
Huang et al. pre-embedded a fracture in a cubic cement specimen
to simulate the old fracture from the initial fracturing process.
They then conducted true triaxial repeated fracturing experiments
to study the influence of the old fracture on the expansion of the
new fracture. The results showed that there was a stress interfer-
ence phenomenon when the new fracture ruptured, causing the
pressure within the old fracture to increase rapidly. The longer the
old fracture and the smaller the fracture spacing, the greater the
rupture pressure and expansion pressure of the new fracture [48].
Some scholars have also conducted mud-soaking experiments to
study the impact of mud filtrate invasion on the mechanical
properties of rocks [49]. Furthermore, Ding et al.'s research in-
dicates that the shape of the fracturing fractures, as well as the
presence of fillers within the fractures, also have a significant
impact on the construction pressure [50].

Overall, the existing research on drilling mud pollution is
mainly based on standard core columns and cored fractured cores
(simulating matrix pores and natural fractures) [51], and analyzed
through displacement experiments combined with electron mi-
croscopy, CT scan, and other means. However, the loss of workover
heavy mud occurs after fracturing treatment, and the loss medium
has expanded to three types: matrix, shear self-supporting frac-
tures, and propped fractures (Fig. 1). Currently, there is no sys-
tematic comparative study on these three media. Experimental
methods are also limited by rock sample preparation and device
functions, making it difficult to fully simulate the on-site operation
process of “heavy mud loss - well opening and blowout - repeated
fracturing”, and unable to reflect the impact of heavy mud loss
after the initial treatment. Therefore, this study uses an improved
displacement experiment device, simulating shear self-supporting
fractures and propped fractures through cored fractured cores and
cored propped fractured cores respectively, to focus on studying
the dynamic influence law of heavy mud loss on the injection
pressure during repeated fracturing.

To clarify the influence of heavy mud loss during well workover
on the repeated fracturing operation, taking the tight sandstone
reservoir in the front of the Kuga Mountains in Tarim as the
research object, the heavy mud samples used on site were
collected, and the parameters such as mud density, mud specific
gravity and solid content were analyzed and tested. Based on the

No Open flow rate before workover Open flow rate after Construction pressure before Refracture pressure after Heavy mud loss
(10* m?/d) workover refracture (10 m?/d) workover workover (m3)
(MPa) (MPa)
Well 1 12.77 20.44 77.9-117.6 65.0-112.6
Well 2 190.00 59.06 46.2-105.7 76.3-132.1 13
Well 3 61.76 87.65 59.5-118.0 95.0-108.0 0
Well 4 13.03 26.85 94.0-100.0 90.0-115.0 0
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Fig. 1. Schematic diagram of the medium for heavy mud loss: (a) Drilling mud loss medium; (b) Workover mud loss medium.

core displacement experimental device, the field procedures of relationship between injection pressure and heavy mud pollution,
heavy mud loss - well opening and blowdown - repeated treat- and observe the changes in the distribution of flow channels in the
ment were simulated for matrix, shear self-supporting fractures fractures by CT scanning to reveal the reasons why heavy mud
and propped fractures. The indoor physical simulation was carried pollution affects productivity and operation pressure. The main
out to analyze the characteristics of mud pollution, clarify the workflow of this study is shown in Fig. 2.

A 4

v

Fig. 2. Outline of research workflow.
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2. Experimental design
2.1. Experimental sample

Low-density and high-density mud samples were selected from
the well repair site in front of the Kuga Mountain. Tests were
conducted on their density, solid content and mineral composi-
tion. The results are shown in Fig. 3. The densities measured in the
laboratory were 1.34 g/cm® and 2.26 g/cm?® respectively, and the
solid contents were 56.36% and 76.52% respectively. Both were
mainly composed of barite.

The matrix pore samples were made using standard core col-
umns, as shown in Fig. 4(a). Self-supporting fracture samples were
made using split cores, as shown in Fig. 4(b), to simulate acid-
fracturing/acid-pressurized fractures or shear-slip natural frac-
tures. To study the influence characteristics of mud invasion on
propped fractures, a pressure-resistant transparent sand-filled
tube was fabricated, as shown in Fig. 4(c). The sand-filled tube
was 27 cm long with an inner diameter of 0.98 cm and a maximum
pressure resistance of 10 MPa. The filling material was ceramic
proppant, as shown in Fig. 4(e). Smooth-surfaced artificial cut core
slices were made, as shown in Fig. 4(d). The ceramic proppant was
filled in the core to simulate sand-filled fractures. The two ends of
the core were sealed with gauze to prevent the proppant from
leaking out, and finally the core sides were fixed with heat
shrinkable tubes.

Fig. 3. Experimental mud samples.

(@)

(b)
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2.2. Experimental equipment

The experimental equipment (Fig. 5) includes: ISCO high-
precision pumps (displacement pumps and peripheral pressure
pumps), data recording systems (recording flow and pressure
data), intermediate containers (storing displacement fluid), pres-
sure gauges, core clamps (supporting matrix cores and fracture
cores), pressure-bearing transparent sand filling pipes (simulating
proppant filling fractures), nitrogen sources (providing reverse
displacement pressure) The testing equipment includes core
porosity, ultra-low permeability combined testing system and CT
scanning equipment, etc., such as simulating the blowout process
in the mine and measuring cylinders (for collecting liquids).

2.3. Experimental method

2.3.1. Permeability damage experiment

This study conducted permeability damage experiments using
a core displacement device. The experimental setup is shown in
Fig. 5. Three types of core samples were used: matrix core Fig. 4
(a), fractured core Fig. 4(b), and propped fracture core Fig. 4(c). For
the matrix core permeability damage experiments, the effects of
heavy mud loss on the permeability of matrix cores were analyzed
from three factors: displacement pressure, displacement time, and
displacement fluid type. A total of 10 experiments were conducted,
and the experimental plan is shown in Table 2. The permeability
was measured using the BenchLab 7000-HPHT instrument before
and after the experiments. For the shear self-supporting fracture
permeability damage experiments, the research was carried out
under different confining pressures and mud densities, with a total
of 6 experiments. The experimental plan is shown in Table 3 For
the propped fracture permeability damage experiments, the
research was conducted under different proppant particle sizes,
displacement pressures, and mud types, with a total of 6 experi-
ments. The experimental plan is shown in Table 4. The experi-
mental process is shown in Fig. 6.

2.3.2. Injection pressure and flow channel variation experiment

To study the influence of mud contamination on injection
pressure and flow channels within fractures in sand-filled and self-
supporting fractures, in order to eliminate the impact caused by
different roughness of each core section, smooth core sections
were used for the experiment. The experimental samples are
shown in Fig. 4(b) (unfilled core) and Fig. 4(e) (core filled with
proppant). The fracture width of the core was set at 0.6 mm. The
experimental setup is shown in Fig. 5, and the experimental plan is
presented in the Table 5. The experimental process is shown in
Fig. 7.

Fig. 4. The materials used in the experiment: (a)matrix core; (b)split core (rough section and smooth section); (c) experimental proppant-pack pipe; (d)split-packed core; (e)

ceramsite proppant.
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Fig. 5. Schematic diagram of experimental apparatus.

Table 2
Experimental scheme of matrix core damage.

No Core No. Displacement Time Confining  Displacement fluid

pressure (min)  pressure
(MPa) (MPa)
1 L1 2 40 10 LDM
2 L2 2 80 10
3 L3 2 120 10
4 L4 4 120 10
5 L5 6 120 10
6 L6 2 40 10 HDM
7 L7 2 80 10
8 L8 2 120 10
9 L9 4 120 10
10 L10 6 120 10
Table 3

Experimental scheme of permeability damage of shear self-supported fracture.

3. Experimental results and analysis
3.1. Experimental results and analysis of permeability damage

3.1.1. Matrix core

Fig. 8 shows the impact of mud invasion on the permeability of
matrix cores. Experimental data indicate that after the core is
invaded by mud, the permeability significantly decreases, with the
overall damage degree being no less than 60%. Specifically, low-
density mud causes more severe damage to the core compared
to high-density mud. Under the action of low-density mud, the
damage to the core gradually intensifies as the displacement time
increases; when the displacement time exceeds 80 min, the rate of
permeability reduction begins to slow down. The damage

No. Forward displacement  Reverse displacement  Confining pressure  Forward time Reverse time  Forward displacement  Reversedisplacement
pressure pressure (MPa) (min) (min) fluid fluid
(MPa) (MPa)

1 2 35 5 To be stable fluid 30 Water LDM

2 7

3 9

4 5 HDM

5 7

6 9

Table 4

Experimental scheme of permeability damage of proppant-packed fracture.

No  Proppant size  Positive displacement pressure  Positive displacement time  Reverse displacement pressure  Positive displacement time  Mud type

(mesh) (MPa) (min) (MPa) (min)
1 40/70 1. 3. 5.7 30 1 5 LDM
2 HDM
3 30/50 LDM
4 HDM
5 20/40 LDM
6 HDM
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[ Prepare heavy mud loss medium 1

] ¥ ¥
Matrix core Artificial split core Proppant filled sand pipe
(matrix) (shear self-supporting fracture) (proppant-pack fracture)
Test the initial permeability K,
before heavy mud contamination
Displace mud slurry and record
relevant data
(. 1 J
P
Reverse displacement of nitrogen
simulates the spout process
Test the permeability K, after
heavy mud contamination
Fig. 6. Permeability damage experiment procedure.
Table 5
Experimental parameter design.
No Fracture width Fracture Confining pressure Displacement Displacement fluid fracturing fluid
(mm) Filler (MPa) (mL/min)
1 0.6 30/50 mesh ceramsite 20 1 LDM Slick water
2 2
3 3
4 Nothing 1
5 2
6 3
e ~ 100 ~
Prepare manual filling of sand joint core and CT scan %0 —-LDM -o- HDM
\ ) O\\c
¢ g" 80|
s N g
Forward displace fracturing fluid and record pressure "i 70 F
. y, =
v £ 60}
s A é’
Forward displacement of slurry and CT scan o 50
g i J 40 N
(" N\
. . 30 1 1 1 1 ]
Reverse nitrogen displacement and CT scan 2 MPa+40 min 2 MPa+80 min 2 MPa+120 min 4 MPa+120 min6 MPa+120 min
§ l J Experiment parameter
s ~N . . . . . .
Forward displace fracturing fluid , record pressure and Fig. 8. The influence of mud intrusion on the permeability of the matrix core.
CT scan
& J
1 is relatively minor, with the overall damage rate remaining at
s N p 9 .
The distribution state and change of mud slurry in the approximately 80%. Under the dl.sp¥acement pressures of 2 MPa
above operation process are analyzed and summarized and 4 MP.::l, Fhe damage chargcterlstlc's of low-density mud to the
N J core are similar to those of high-density mud; however, when the

Fig. 7. Experimental flow of fracture injection pressure and flow channel distribution
changes before and after mud contamination.

characteristics of high-density mud to the core are similar to those
of low-density mud.

Regarding the variation in displacement pressure, when the
displacement pressure gradually increases from 2 MPa to 6 MPa,
the damage to the core permeability caused by high-density mud

606

displacement pressure increases to 6 MPa, the damage rate of core
permeability caused by low-density mud decreases instead,
reaching only 60.4%. Fig. 9 presents the physical image of the
matrix core after being contaminated by mud, where a relatively
thick mud cake forms on the end face of the core.

To further clarify the damage characteristics of the matrix core
caused by mud pollution, the core L5 and L10 were continuously
and automatically scanned before and after mud pollution using
the core scanning system to obtain the permeability changes along
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Fig. 9. A physical picture of the core after mud contamination.

the length of the matrix core. The gas permeability of 8 linear
regions on the side surface of the core was scanned, with a phase
angle of 90°. The Auto-Scan core automatic scanner used in the
experiment is shown in Fig. 10.

Fig. 11 shows the permeability scanning results of each point on
the core before and after mud contamination. The results indicate
that the contamination range of the core after the invasion of low-
density mud is close to 30 mm, while that of high-density mud is
close to 25 mm, which is smaller than that of low-density mud.

3.1.2. Slit core

Fig. 12 shows the results of the impact of mud invasion on the
permeability of self-supporting fractures. The results indicate that
mud invasion causes a certain degree of damage to the perme-
ability of self-supporting natural fractures. The liquid permeability
of the core before and after mud contamination decreases by 10%-
20%. With the increase of confining pressure, the permeability
change does not show a monotonous trend, and its fluctuation
mainly results from the difference in the surface roughness of the
core fractures created by artificial splitting. During displacement,
mud preferentially invades along the local high-conductivity
channels, leading to significant differences in the damage to the
permeability of self-supporting fractures among different experi-
mental groups. Fig. 13 shows the physical images of the cored
samples before and after mud contamination.

3.1.3. Sand-filled pipe

The invasion depth of mud in the proppant-packeded tube was
used to characterize the mud loss in the proppant-packeded
fractures, and the mud loss volume is positively correlated with
the degree of contamination. To facilitate the summary of

Petroleum 11 (2025) 601-612
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Fig. 11. The results of core permeability scanning experiments before and after mud
contamination (displacement pressure is 6 MPa, time is 120 min).
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Fig. 10. Core permeability scanning device: (a)profile Display; (b)device schematic diagram.
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Fig. 13. Core images of the fracture before and after mud contamination.

experimental laws, the experimental results were dimensionless,
and the calculation formula was as follows:

Y
D_VP.L (1)
* D
D = 2
Dmax ( )

where D is the actual invasion depth of mud, cm; V5 is the outflow
volume at port @, mL; Vp is the pore volume of the proppant
accumulation in the proppant-packeded pipe, cm®; D* is the
dimensionless mud invasion depth, dimensionless; Dmax is the
maximum invasion depth in 6 groups of experiments, cm.

The pore volumes of 40/70 mesh, 30/40 mesh and 20/40 mesh
compact deposits in proppant filled pipes were calculated by
constant velocity and constant flow pump, respectively, to be
8.75 cm?, 11.13 cm? and 13.23 cm?.

Permeability is an important index to judge the seepage ca-
pacity of fluid. Based on Darcy's law to process the pressure and
flow data recorded by the data recording system, the permeability
before and after mud intrusion into the proppant filling pipe is
calculated and dimensionless processing is done. When the fluid
passes through the proppant filling pipe, its flow rate is directly
proportional to the cross-sectional area of the proppant body in
the proppant filling pipe and the pressure difference between the
inlet and outlet section, and inversely proportional to the length of
the proppant body. The calculation formula is as follows:

AAP

Q=K==

-1
L x 10

(3)

Simplifed as:
e
" AAP

Dimensionless:

" K

~ Kmax

K x 10

K (5)

where, Q is displacement pump displacement,mL/s; A is proppant
pipe cross-sectional area,cm?; AP is displacement pressure,MPa; u
is viscosity of clean water, mPa-s; L is proppant pack length in
proppant packed pipe,cm; K is permeability, 10~ pm?; Kmax is
highest permeability of all test groups,10~> pm?; K* is dimen-
sionless permeability, dimensionless.

During workover, the effective return of mud can reduce
damage to the reservoir. In the experiment, the calculation for-
mula for the mud return rate is as follows:
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F:§X 100% (6)

2

where F is mud flowback rate,%; V; is port @ liquid output; V; is
port @ liquid output,

In the experimental results shown in Fig. 14 and Fig. 15, the
penetration depth of the mud and the changes in the permeability
of the propped fractures within the sand-filled pipe during the
displacement process, as well as the mud return effect, were sta-
tistically analyzed. The results indicate that the distance (D*) that
the mud penetrates into the sand-filled fractures is jointly
controlled by three factors: mud density, proppant particle size,
and displacement pressure. The specific rules are as follows.

Overall, low-density mud, large proppant particle size, and high
displacement pressure result in a deeper penetration of the mud
into the sand-filled fractures. Specifically, at a relatively low
displacement pressure (1 MPa), the penetration depth of low-
density mud and high-density mud is relatively similar. As the
displacement pressure increases, the penetration depth of high-
density mud changes little across the three proppant particle
sizes, while the penetration depth of low-density mud increases
significantly. However, in the fractures filled with small proppant
particles, further increasing the displacement pressure does not
lead to a significant change in the penetration depth of low-
density mud, and the penetration depths of both densities of
mud are comparable and remain at a relatively low level. The
difference in penetration depth between the two densities of mud
caused by the displacement pressure decreases as the proppant
particle size decreases.

For sand-filled fractures, the mud return rate and the perme-
ability damage rate before and after mud contamination are most
affected by the particle size of the proppant, while the density of
the mud has a relatively minor impact. When the proppant par-
ticle size is small, the mud has a relatively small impact on the
permeability of the supported fracture, with a reduction rate
ranging from 0.03% to 1.1%, and the mud return rate after nitrogen
blowout is 100%. As the proppant particle size increases, the
permeability of the supported fracture after mud contamination is
extremely low, with a damage rate of over 97%, and the mud return
rate is low, with an average return rate of 23.9%.

Further analysis reveals that as the proppant particle size in-
creases, the pore space within the sand-filled pipe increases,
providing more space for fluid flow. The initial permeability of the
sand-filled pipe is greater, and the mud is more likely to flow
within the pipe, with a greater invasion depth. During the early
stage of pumping, there is more pore space within the sand-filled

1.0
—— LDM+20/40mesh
-o HDM+20/40mesh
0.8 b —~ LDM+30/50mesh
—o— HDM+30/50mesh
—— LDM+40/70mesh
0.6 F —o= HDM+40/70mesh
=)
04+ o
02
0 1 2 3 4 5 6 7 8

Displacement pressure/MPa

Fig. 14. Dimensionless intrusion depth varies with displacement pressure.
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40 ' z
S~ [
20 _-" 420
o
L 0
20/40 mesh 30/50 mesh 40/70 mesh

Proppant particle size

Fig. 15. Effect of mud intrusion on permeability of proppant-packed fractures.

pipe, and high-density mud shows an invasion volume compara-
ble to that of low-density mud. Due to the higher solid content in
high-density mud, it quickly occupies the pore space, blocking the
flow channels, making subsequent mud pumping difficult and
resulting in a smaller invasion volume. Moreover, during nitrogen
reverse displacement, it is difficult to expel the mud that has
invaded the sand-filled pipe, leading to a low mud return rate.

3.2. Experimental results and analysis of injection pressure and
flow channel changes

When the mud is not contaminated, the injection pressure of
clear water in the shear self-supporting fractures is stable, ranging

16 -
—— 1 mL/min
141 —2 mL/min
2L ——3 mL/min
£
= 10 -
st
2 6l
&
4L
2L
1 1 J
0 400 800 1200 1600
Time/s
(a)
16
14l ——3 mL/min
12+
&£
S10f
8 6f
[= 9}
41
2k
1 1 1 1 1
0 200 400 600 800 1000 1200
Time/s

(c)
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from 0.12 to 1.19 MPa, and the injection pressure of clear water in
the propped fractures is between 0.07 MPa and 0.42 MPa. Fig. 16
shows the injection pressure change curves before and after heavy
mud contamination. The results indicate that after the fractures
are contaminated by heavy mud, the pressure required to pump
fracturing fluid into the fractures at the same flow rate increases
significantly. The average increase in injection pressure for shear
self-supporting fractures is 17 times, with a maximum increase of
74 times; for propped fractures, the average increase is 16.5 times,
with a maximum increase of 80 times. The injection pressure of
fracturing fluid in shear self-supporting fractures fluctuates more
intensely than that in propped fractures.

Specifically, after mud contamination, the injection pressure
curve of fracturing fluid in shear self-supporting fractures can be
divided into four stages (taking the injection pressure change
curve of shear self-supporting fractures at a flow rate of 3 mL/min
as an example): (1)initial low-pressure stable stage (0-200 s), the
pressure is stable in the range of 0.8-1.2 MPa. After blowout, local
areas of the fracture form dominant flow channels, and the frac-
turing fluid passes through rapidly. The flow resistance is mainly
determined by the inherent structure of the fracture. The duration
of this stage is negatively correlated with the flow rate (about 300 s
at 1 mL/min and about 200 s at 3 mL/min). A high flow rate ac-
celerates the migration of mud particles, triggering the next stage;
(2)pressure surge stage (200-400 s), the pressure rapidly rises
from 1.2 MPa to 8 MPa, an increase of more than 6 times. This is
because the solid particles in the mud migrate and bridge in the
fracture, blocking the flow channels and causing a significant in-
crease in pressure; (3)pressure fluctuation stage (400-1000 s), the
pressure fluctuates periodically between 8 and 11 MPa. When the
pressure reaches a certain value, due to the weak structural sta-
bility of the temporary blockage area, the fracturing fluid breaks
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Fig. 16. The injection pressure variation curves after mud contamination: (a)the injection pressure variation curves of shear self-supporting fractures under different dis-
placements; (b)the injection pressure variation curves of sand-filled fractures under different displacements; (c)the injection pressure variation curves of shear self-supporting
fractures under a displacement of 3 mL/min; (d)the injection pressure variation curves of sand-filled fractures under a displacement of 3 mL/min.
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through the blockage, and the pressure drops rapidly. The particles
continue to migrate, forming a cycle of self-organized particle
blockage and breakthrough; (4)pseudo-steady-state blockage
stage (1000-1200 s), the pressure continuously rises to 14 MPa,
and the fluctuation amplitude decreases. As the fracturing fluid is
continuously injected, the remaining solid particles in the mud are
eroded and migrate, eventually accumulating in the fracture to
form a relatively stable blockage area, causing the pressure to
continuously rise. The injection pressure curve of fracturing fluid
in propped fractures can be divided into two stages (taking the
injection pressure change curve of propped fractures at a flow rate
of 3 mL/min as an example): (1)initial low-pressure stable stage
(0-300 s), the pressure is stable in the range of 0.5-0.8 MPa; (2)
pressure increase stage (300-800 s), the pressure linearly in-
creases from 0.8 MPa to 15.2 MPa. Compared with shear self-
supporting fractures, the injection pressure of fracturing fluid in
propped fractures after heavy mud contamination has smaller
fluctuations. This is because the propped fractures are filled with
proppants evenly, and after the heavy mud invades, the fracturing
fluid exerts a compaction effect on the proppant sand piles and
mud solid particles. The injection pressure curve initially rises
relatively gently and then increases rapidly.

The CT scan results (Fig. 17) show that after the fracture was
contaminated by mud, the entire fracture surface was almost
uniformly distributed with high-brightness barite signals, indi-
cating that the solid particles in the heavy mud almost invaded the

(@) ® © %)

Fig. 17. CT scan results of fractures at each stage (I is shear self-supporting fracture, II
is sand-filled fracture):(a) before pollution; (b)after pollution; (c)reverse nitrogen
injection; (d)refracturing.
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entire fracture. After the reverse displacement of nitrogen gas to
simulate blowout, black areas were clearly visible within the
fracture surface, representing that the solid particles in these areas
were affected by the blowout and moved. After the repeated
fracturing, the black areas within the fracture did not change
significantly. Most of the fracturing fluid flowed along the chan-
nels blown out by the blowout, indicating that the fractures
formed during the initial modification were the channels for the
loss of heavy mud and the inflow of fluids during the repeated
modification. The repeated fracturing failed to establish new
seepage channels and could not remove the mud contamination.
The pollution characteristics of heavy mud loss during well
workover are different from those of conventional drilling mud
loss. There exists a phenomenon of “WHM loss pollution cage”
(Fig. 18): after heavy mud loss occurs during well workover, the
mud in the initially created artificial fractures has not been
removed. The fluid will mainly flow along the space not occupied
by the mud. When re-fracturing, the fracturing fluid is difficult to
bypass the heavy mud pollution zone, ultimately resulting in high
operation pressure and low post-fracturing productivity.

4. Discussion

This paper has conducted experimental research on the pollu-
tion characteristics of mud in different media. There are still two
aspects that need to be further explored: (1) This paper mainly
reveals the dominant mechanism of the increase in injection
pressure caused by solid particle blockage. However, the abnormal
pressure in the field during repeated fracturing is actually the
result of the coupling of solid-liquid-force multiple fields. Mud loss
not only involves solid phase invasion but also accompanies the
physical and chemical interaction between filtrate and rock (such
as clay hydration expansion and cement dissolution), which re-
duces the mechanical strength of the rock [52]. The change in in-
jection pressure is the result of multiple factors, so the pollution
characteristics of mud still need further study. (2) Although this
paper uses the mud formula used in the field and considers the
influence of displacement time, displacement pressure, and
confining pressure on the experimental results, there are still
differences from the actual underground conditions. The fractured
and modified section is in a high-temperature and high-pressure
environment, and the rheological properties of the liquid [53]
and the properties of the rock samples will change, which has a
certain impact on the experimental results. Therefore, the com-
parison between the results of indoor experiments and those un-
der actual formation conditions needs further exploration.

Well bore

Refracturing fracture

The fracture of the initial
fracturing reform penetrates
the contaminated zone

(a)

Workover mud
contamination zone
(contamination cell)

Initial fracture
reconstruction

(b)

Fig. 18. Schematic diagram of fracturing transformation: (a) shows the initial fracture; (b) refracturing.
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mud were identified: matrix, shear self-supporting fractures and
propped fractures. The influence of heavy mud leakage on the
permeability of the leakage media was discussed, and the injection
pressure and the distribution of the flow channels in the fractures 1
after heavy mud pollution were analyzed. The main conclusions

are as follows:

2
(1) For the matrix core, the matrix permeability damage after .
mud invasion exceeds 60%, and the damage caused by low- 3]
density mud is higher than that of high-density mud. The
invasion depth of the mud shows a “threshold effect”, and
even if the displacement pressure or time is increased, the [4]
invasion depth and damage rate tend to be stable.
(2) The permeability of shear self-supporting fractures de- [5]

creases by 10%-20% after mud invasion, but the data are
scattered due to the difference in fracture surface rough-
ness, and no clear pattern is presented. 6

(3) The degree of propped fracture pollution is dominated by
the particle size of the proppant. The larger the particle size,
the lower the mud return efficiency and the more severe the 17
permeability damage.

(4) The solid particles of heavy mud blockage cause a sharp
increase in injection pressure when the fracturing fluid is 8
pumped repeatedly. The average injection pressure of shear
self-supporting fractures and propped fractures increases by
17 times and 16.5 times respectively, and the peak values 9
reach 74 times and 80 times respectively, indicating that
solid blockage is the direct cause of abnormal pressure in
field operations. [10]

(5) The CT scan results reveal the “wellbore mud pollution cage”
phenomenon: the initial fractures are the main channels for
leakage and repeated fracturing fluid injection. If the
pollution is not removed, the fluid bypasses the unpolluted
area, making it difficult for repeated fracturing to penetrate [12]
the pollution zone.
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