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Abstract
Despite the current demand for shale gas development, there is no means to evaluate nanoscale microfracture plugging 
technologies for ultra-low permeability formations. In this paper, we expand upon previous research and develop new means 
to create artificial fractures in model mud cake. By controlling the mud cake quality and strength, we developed mud cake 
with permeability that approached that of real mud shale. Low-permeability mud cake was prepared from barite powder, 
calcium carbonate, polyacrylamide, sodium polyacrylate, water, silica, a polycarboxylate comb macromolecule, a double 
sparse inhibitor, a film-forming agent and a mud cake curing agent. The mud cake permeability reached 5.9 ×  10–4 mD and 
increased with soaking time to 1.3 ×  10–3 mD (240 h). The equivalent opening of a single fracture did not change greatly and 
remained in the range from 3.93 ×  10–5 m to 4.93 ×  10–5 m. Plugging performance was evaluated by simulating microfractures 
and low-permeability environment of the formation. This method provides very important guidelines for the selection and 
development of nanoscale and microscale plugging agents and the evaluation of the plugging effect. It is also applicable to 
the evaluation of plugging performance in other fractured formations.
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Introduction

During the drilling and development of oil and gas wells, 
more than 90% of well wall destabilization problems occur 
in mud shale well sections (Liu et  al. 2016). The main 
reason is due to the extensive development of microfrac-
tures in the mud shale and the hydrated swelling of clay by 
water (Gholami et al. 2018), which causes microcracks to 
develop and expand along the vertical and horizontal direc-
tions of fractures and finally cause macrocracks to form in 
the well wall, leading to instability or even collapse (Wang 
et al. 2020). To solve this technical problem, it is neces-
sary to use effective drilling fluid plugging materials to seal 
microfractures and prevent the intrusion of drilling fluid 

filtrate, which can stabilize the well wall and protect the 
reservoir (Liu et al. 2019). Experts at home and abroad have 
researched many aspects of this subject and developed new 
treatment agents, such as polymeric alcohol, microscale and 
nanoscale plugging agents that can enter microfractures in 
shale (Qiu et al. 2015). However, there is no unified standard 
for a method to evaluate drilling fluid plugging agents, espe-
cially for fracture plugging at home and abroad (Ramandi 
et al. 2016). At present, the main experimental methods used 
to simulate fracture sealing in mud shale are fracture steel 
sheet sealing experiments, artificial fracture simulation seal-
ing experiments in split rock samples, and split rock sam-
ples combined with the steel block sleeve method (Ahmadi 
and Zenner 2005). In 2008, Fan and Zhang (2008) designed 
an experimental leak prevention and plugging method for 
deep fracture-type reservoir characteristics. The experiment 
used a full-size plugging device, a seam plate to simulate 
formation fractures and a gravel bed to simulate pores. In 
2009, Zhang et al. (2009) used artificially fractured cores 
made by pressing standard cores out of the fractures, cop-
per wire as filler and epoxy resin to bond the fracture sec-
tions, with a final artificial fracture opening from 0.06 to 
0.87 mm. In 2012, Xiang and Pu (Hou 2017) evaluated 
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the sealing performance of a new sealant, FDJ-EF, using a 
high-temperature, high-pressure water loss instrument with 
a metal seam plate to simulate microfractures. Their metal 
seam plates simulated cracks with a width of 20 μm and a 
depth of 5 mm. In 2014, Contreras et al. (2014a, b) tested 
the ability of ceramic plugging materials to reduce filtration 
loss of nanomaterials at high temperature and pressure; drill-
ing fluids incorporating nanomaterials successfully plugged 
porous media, resulting in a 76% reduction in filtration loss. 
In 2014, Shi and Hu (Singh, 2016) developed an instrument 
to visualize and evaluate microfracture plugging ability and 
applied it in a combination of simple and quantitative stud-
ies. Its visualization capability facilitated macroscopic and 
microscopic studies of the sealing mechanism of drilling 
fluid sealers, and the seam making method used high-pre-
cision laser etching to carve cracks of micrometer width in 
the middle of a transparent, flat and smooth tempered glass 
surface. The instrument simulated fractures of 10–100 μm 
width, and the fracture surface was rough and uneven at the 
microscopic level, which reflected the real situation of the 
fracture surface of mud shale. In 2015, Luo and Ai (Wang 
et al. 2019) used sand core funnels to simulate microfrac-
tures in shale and investigated the sealing performance of 
nanomaterials by measuring the degree of drilling fluid 
intrusion on the filter plate of the funnels. They found that 
the sand core funnel effectively simulated the microfrac-
tures in the formation, and the sealing effect of the sealer 
was analyzed visually on a macroscopic scale. In 2016, Liu 
et al. (2016) poured a gel material into a core mold and 
inserted a metal foil into the gel. The mold was heated in a 
water bath, and the foil was removed before the gel solidi-
fied; eventually, cracks formed in the middle of the model 
with microfracture openings ranging from 1 to 50 μm. All 
of these methods directly simulated rock fracture and were 
used to make a basic evaluation of the sealing performance 
of drilling fluid sealer. However, these experimental methods 
had the disadvantages of complicated operation, poor repro-
ducibility, and high cost (Hou, 2017). After summarizing 
the advantages and disadvantages of various methods, we 
improved upon previous research methods and developed 
a new approach and a simple, efficient and reproducible 
method to simulate and evaluate mud shale microfracture 
blocking by using mud cake.

The preparation steps and experimental 
procedure

To simulate actual microfractures in shale formations, it is 
necessary to establish the physical environment of shale. 
From the perspective of plugging, the first step is to simulate 

the low-permeability environment, that is, to produce a low-
permeability mud cake with a permeability of  10–3 ~  10–5 
mD, which is close to the real permeability range of shale. 
In filtration experiments with drilling fluid, we formed mud 
cake on filter paper by the accumulation of solid-phase parti-
cles in the drilling fluid (Lichinga et al. 2019). In the process 
of water loss experiments, according to the water loss time 
of 30 min, the average water loss per min decreased with 
increasing time, which was mainly due to the accumulation 
of mud cake with time. According to Darcy's law, the filtra-
tion medium changes from the mass of filter paper to the 
strength of mud cake. Therefore, in the later stage of a per-
meability measurement, the main influence on permeability 
changes from the quality of the filter paper to the strength 
of the mud cake, and the quality of mud cake controls its 
permeability.

Experimental materials Sodium bentonite, barite powder 
for drilling fluid, nano-scale barite powder, 1250 mesh cal-
cium carbonate, 2200 mesh calcium carbonate, polyacryla-
mide (PAM), sodium polyacrylate (PAAS), double phobic 
inhibitor XZ-SSJ, water, and silicon dioxide, polycarboxylic 
acid-like comb macromolecule MF-508, film-forming agent 
XZ-CMJ, activator QX-III, mud cake curing agent LGE-1.

Experimental instruments Electronic balance, 42 types 
of high-pressure high-temperature filter tester, JC101 type 
electric heating blast drying oven, X-ray diffractometer, and 
an interface parameter integrated measuring instrument.

Preparation of low‑permeability mud cake

Production steps

1. First, to prepare the maintenance base slurry, place the 
appropriate amount of tap water in the container, add the 
appropriate amount of bentonite and calcium carbonate, 
mix thoroughly and then let stand 24 h to cure.

2. Second, place 300 mL of 8% base slurry in a container 
and add 75% of the desired amount of barite powder for 
drilling fluid. Then, add 50% nanoscale barite powder, 
20% 1250 mesh and 5% 2200 mesh calcium carbonates, 
1% PAM and 5% PAAS, 5% water and silicon dioxide, 
6% MF-508, 5%QX-III, 3% XZ-SSJ, 3% XZ-CMJ and 
6% LGE-1 and stir for 25 min with a high-speed stirrer 
at 13,000 r/min. Then, stir again for 2 h in an ordinary 
low-speed fan blade stirrer at 600 r/min to obtain uni-
form dispersion.

3. Third, pour the slurry into the high-pressure high-tem-
perature filter tester, perform filter loss for 30 min under 
a pressure of 3.5 MPa, turn on the filter tester to pour out 
the supernatant liquid and then put the remaining part of 
the mixture into the electric blast oven to air dry.



3291Journal of Petroleum Exploration and Production Technology (2022) 12:3289–3302 

1 3

Preparation of cracks

Laboratory supplies

Low-permeability mud cake after drying and standing, metal 
needle (diameter 0.25 mm).

Preparation steps

1. Remove the mud cake made in the high-pressure high-
temperature filter tester and put it into the electric blast 
oven for the drying operation.

2. After a while, remove the mud cake from the electric 
blast drying oven and let it stand at room temperature. 
After the mud cakes form and dry, pucture them with a 
metal silver needle at a predetermined insertion angle.

3. Let the punctured mud cake stand at room temperature 
for 1.5 ~ 3 h, and then remove the metal silver needle to 
make the mud cake with cracks.

The schematic diagram of the preparation of low-permea-
bility mud cake is shown in Fig. 1.

Determination of mud cake permeability

1. Add distilled water to the upper scale of the filter tester 
with a glass rod to the above mud cake, which was 
formed but not yet solidified in the high-pressure high-
temperature filter tester. At room temperature and a pres-
sure of 3.5 MPa, measure the filtration loss of the mud 
cake at 10 min, 20 min, and 30 min during water injec-
tion in the apparatus and record V1, V2, and V3, respec-
tively.

2. Measure the thickness of the mud cake after 30 min and 
record it as h. Then, calculate the mud cake permeability 
K according to the equation below.

Calculation equation of the mud cake permeability K.
Equation (4) can be obtained from Darcy's infiltration 

Eq. (1) and the relationship between solid and liquid phase 
volumes in the drilled well (2) and (3):

where h
mc

 is the mud cake thickness, cm; V
f
 is the total vol-

ume of drilling fluid,  cm3; K is the mud cake permeability, 
μm2; A is the percolation pressure area,  cm2; ΔP is the per-
colation pressure, kg  cm−2; � is the filtrate fluid viscosity, 
mPa s.

where V
m

 is the total volume of drilling fluid,  cm3; V
c
 is the 

mud cake volume,  cm3

where R is a constant of proportionality, unitless.

can be obtained from (4):

where t  is the percolation time, s; h is the mud cake thick-
ness, cm; Q is the average flow per second,  cm3  s−1.

Replace Eq. (5) with common laboratory units.
Substitute h

mc
=

Vc

A
 , change k (μm2) to  103 k (mD), and 

change h (cm) to 0.1 h (mm) to obtain:

The water loss conditions at high temperature and high 
pressure are:

A  = 25.3  cm2, Δp = 35  kg·cm−2, t  = 1800s, 
μ(25 °C) = 0.89 mPa·s, and μ(90 °C) = 0.31 mPa s.

Many experiments were performed by using the 
above equation. The mud cake permeability ranged from 
5.90 ×  10–4 mD to 1.16 ×  10–3 mD, and the thickness of the 
mud cake was controlled at 3.2–3.7 mm.
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Fig. 1  Preparation of low-per-
meability mud cake
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Low permeability mud cake characterization 
of shale

Comparison of model low‑permeability mud cakes 
and natural shale cores

The model low-permeability mud cakes prepared by the 
above method were compared with natural shale cores 
from the Silurian Longmaxi Formation in the Changning 
area. The permeability of the mud cake prepared in the 
laboratory was measured to be as low as 5.90 ×  10–4 mD, 
while the permeability of the Longmaxi Formation shale 
core was measured to be 3.853 ×  10–4 mD. The surfaces of 
the prepared mud cake and the natural core were scanned 
by a scanning electron microscope (SEM). As we can see 
through Figs. 2 and 3, the maximum crack width of the 
mud cake surface prepared in the laboratory was 1.09 μm, 
while that of the natural core surface was 1.05 μm. The 
maximum crack widths were similar, but the number of 
pore slits in the laboratory mud cake was greater than in 
the natural core, which is one of the reasons that the pre-
pared mud cake was more permeable than the natural core.

Since the permeability of the laboratory-prepared mud 
cake was close to that of the natural core and the fracture 
width was on the same order of magnitude, the model mud 
cake was used as an alternative to the natural cores for 
the simulation of microfractures and blocking evaluation 
experiments.

X‑ray diffraction (XRD) analysis of model 
low‑permeability mud cake

The results of the physical phase analysis in Fig. 4 show that 
after activator QX-III activated the mud cake, C–S–H gels 
(2�= 23°, 27°, 29°, 31°, 32°, 35°, etc.) formed, and Ca(OH)2 
(2�= 29°, 43°, 47°, 49°, etc.) and  CaCO3 (2�= 26°, 30°, 36°, 
43°, etc.) had significantly larger peaks. This was mainly 
because QX-III caused OH– to enter the mud cake in the 
process of activating the mud cake, breaking the Si–O–Si, 
Al–O–Al and Si–O–Al bonds in the clay so that the clay 
particles disintegrated and formed many dissolution pore 
channels. Then,  Ca2+,  OH−,  CO3

2− and  SiO3
2− in the filtrate 

Fig. 2  The surface of the artificial mud cake

Fig. 3  The surface of the natural shale core

Fig. 4  XRD pattern of mud cake for a uncultured mud cake and b 
mud cake after adding materials to culturize
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and QX-III entered the pore channels and participated in the 
reagglomeration of depolymerized clay, forming colloidal 
C–S–H gels. A portion of  Ca2+ combined with OH– and 
 CO3

2− to form Ca(OH)2 and  CaCO3. Formation of C–S–H 
gel and Ca(OH)2 effectively improved the strength of the 
mud cake, and the greater the amount that formed, the more 
obvious the enhancement effect of the mud cake. C–S–H gel 
and Ca(OH)2 were the main sources of the high strength of 
the mud cake. Both formed in the mud cake, which provided 
a hardening body for the mud cake and certainly contributed 
to greatly improving the strength of the mud cake.

Laboratory simulation of microfractures 
in shale

There is currently no unified method for core simulation. 
Direct coring and laboratory preparation of cores are gener-
ally used in the laboratory to simulate pores and fracture 
experiments, but there is no unified laboratory simulation 
method for mud shale with microfracture development (Xu 
et al. 2016). In this study, considering the characteristics 
of the mud shale itself, metal silver pins were inserted in 
model mud cakes to simulate fractures in mud shale under 
low-permeability environmental conditions. If the fracture 
width and pore space are controlled by this means, then the 
cakes are very similar to the real mud shale low-permeability 
environment.

The permeability measured during the preparation of the 
low-permeability mud cake was recorded as K1. Then an 
ultra-fine silver needle was inserted in the newly formed but 
unconsolidated mud cake from one side of the filter paper. 
The needle completely penetrated the mud cake, and there 
was no other secondary damage from the standard piercing 
seam making operation. After the seam formation was com-
pleted, the filter paper was replaced, and the amount of loss 
of water from the mud cake was measured again as above. 
Then, the permeability of the mud cake was calculated and 
recorded as K2.

Accurate determination of crack opening

When using metal silver needles to puncture the seam, the 
width of the model fracture was affected by a variety of fac-
tors, causing it to change during the process of forming the 
mud cake. Therefore, the width of the model fracture was 
further studied and determined.

As shown in Fig. 5, the area of the prepared mud cake was 
A, the opening of the artificial fracture was d, and the thick-
ness of the mud cake (the depth of the artificial fracture) was 
h. It was assumed that the length and width of the fracture 
did not change with the fracture, the liquid flowed through 

the fracture as a stable seepage, and the increased value of 
the permeability of the mud cake after the artificial fracture 
of the mud cake was provided by the fracture, i.e., the mud 
cake seepage was pore-fracture dual-medium seepage. The 
total flow rate was Qt, the pore flow rate was Qm the fracture 
flow rate was Qf, and:

where Q
f
 is the fracture seepage flow,  m3  s−1; Q

t
 is the total 

seepage flow of the mud cake,  m3  s−1; Q
m

 is the pore flow, 
 m3  s−1.

According to the Boussinesq equation (Mi et al. 2014) 
(assuming that the fracture section is a square with side 
length d), the liquid flow rate through the fracture of unit 
length is:

where q is the seepage flow per unit length of fracture, 
 m3  s−1; d is the crack opening, m; � is the filtrate fluid vis-
cosity, Pa s; p is the pressure filtration, Pa.

The flow rate of liquid flowing through n slits with length 
c is:

where n is the number of cracks:

where A is the cake filtration area,  m2; K
f
 is the mud cake 

fracture permeability, μm2.
Then, the fracture permeability is:

(7)Q
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= Q
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− Q
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dp
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(11)K
f
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Fig. 5  Schematic diagram of the microscopic enlargement of cracks
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According to Darcy’s law, the fracture permeability of 
mud cake is as follows:

where ΔP is the pressure filtration, Pa.; h is the fracture 
depth, m.

Thus

The equation for the crack opening is obtained as follows:

where V
f
 is the volume of liquid penetrating through cracks, 

 m3; t is percolation time, s.
In this paper, Eq. (13) is replaced by the common units 

used in the laboratory; �(Pa·s) is replaced by  103 �(mPa·s); 
and ΔP(Pa) is replaced by  10–5(MPa). Substituting.

A = 25.3   cm2,  ΔP  = 3 .5   MPa,  t  = 1800s,  �

(25 °C) = 0.89 mPa s, �(90 °C) = 0.31 mPa s.
gives

Research on the simulated penetration 
of microcracks

In the process of using a silver needle to puncture the mud 
cake made in the laboratory, whether the mud cake is formed 
affects the success of a crack simulation. If the mud cake is 
not completely dry and the surface is wet, then the strength 
and toughness of the mud cake are insufficient, which causes 
the mud cake to reclose the punctured part after the penetra-
tion of the silver needle. Therefore, the prepared mud cake 
was heated and dried in an electric blast drying oven. To 
prevent damage and influence on the structure and properties 
of the prepared mud cake due to the long-term high-temper-
ature conditions, the temperature should not exceed 50 °C. 
Here, the heating temperature was 50 °C. The diameter of 
the metal silver needle was 0.25 mm, the number of cracks 
was 9, and the jack arrangement was linear vertical cracks. 
The results of the effect of drying time on cracks are shown 
in Fig. 6.

As we can see by Fig. 6, the lowest water loss and per-
meability of the mud cake were observed when the heating 

(12)K
f
=

�Q
f
h

AΔP

(13)nd4

12A
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f
h
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4

√

12Q
f
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√
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ΔPt
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�
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f
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�
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f
�h

ΔPt
= 0.03715

4

√

V
f
�h

(16)d =
0.03715

4

√

V
f
�h

n
.

time was 2 h. Figure 7a, b show that when the mud cake was 
heated and air-dried, the mud cake formation was influenced 
by the heating time. If the heating time was too short, the 
mud cake failed to dry and form, and if the heating time 
was too long, the mud cake solidified and cracked. From the 
above data, we know that under the condition of 50 °C, the 
heating time was controlled at 1–2 h.

Research on the influence of microcracks on mud 
cake permeability

Based on the above experiments, we simulated the mud shale 
mud cake with microfracture properties, and the preparation 
method was simple and mature, which effectively controlled 
the mud cake permeability from 9 ×  10–4 to 1 ×  10–3 mD. The 
thickness of the mud cake was controlled from 4 to 6 mm, 
and we also controlled the heating time to master the best 
time of mud cake formation, which was conducive to making 
interpenetrating seams with a metal silver needle.

To study the effect of cracks on the permeability of mud 
cake in more detail, we investigated the number of cracks, 
the insertion angle of metal silver needles, and the arrange-
ment of metal silver needles in three directions.

The influence of the number of cracks on the permeability 
of mud cake

A 0.25 mm diameter metal silver needle was selected to per-
form the manual seam making operation, and the arrange-
ment was linear, with the center of the filter paper as the 
starting point for seam making. Then, the seam making 
operation was performed at 5 mm intervals along each side 
of the line, and the insertion direction was 90° vertical. The 
number of seams made was 5–20, and then the clear water 
permeability of the mud cake was measured. The results are 

Fig. 6  The effect of drying time on cracks
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shown in Fig. 8. In this figure, the average thickness of the 
foundation mud cake was 4.5 mm, the diameter of the needle 
was 0.25 mm, all of the needles were inserted vertically at 
90°, and the arrangement of the sockets was linear.

Figure 8 shows that the number of crack seams was posi-
tively correlated with mud cake permeability; the higher the 
number of cracks was, the greater the water loss. This shows 
that the degree of crack development had a great influence 
on the permeability of the mud cake, and the fine cracks 
caused the drilling fluid to intrude into the formation when 
drilling into the mud cake formation system. According to 
the experimental results, when the number of crack seams 
created with silver needles increased from 5 to 20, the equiv-
alent fracture width ranged from 8.76 ×  10–5 to 4.28 ×  10–5 m, 
and when the number of cracks was 9, the water loss after 
seam construction reached 4.0 mL. The width of each frac-
ture was approximately 4.39 ×  10–5 m. With the increase in 
the number of cracks created, the equivalent fracture width 
changed. The variation in the equivalent crack width with 
the increase in the number of cracks was not large and con-
centrated at approximately 45 μm, so we chose the optimal 

number of cracks to be 9. In addition, the diameter of the 
silver needle also affected the mud cake permeability, so we 
further investigated the effect of needle diameter on making 
seams in the mud cake.

The influence of crack width on mud cake permeability

During actual mud shale drilling, very small microfractures 
can cause drilling fluid to intrude into the surrounding for-
mation. This indicates that the width of the fracture can have 
a great impact on the mud shale permeability, so we studied 
the effect of fracture diameter on mud cake permeability. We 
achieved different diameter fractures by choosing different 
metal silver needle diameters. Next, we jacked in a vertical 
direction with 9 cracks and measured the clear water perme-
ability of the mud cake under various conditions. The results 
are shown in Fig. 9.

Fig. 7  a Mud cake with a heat-
ing time of 0.5 h. b Mud cake 
with a heating time of 10 h

Fig. 8  Influence of fracture number on mud cake permeability

Fig. 9  The effect of crack width on mud cake permeability
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Figure  9 shows that the water loss of the mud cake 
increases with increasing diameter of the metal silver nee-
dle. That is, the permeability of the mud cake increased 
with increasing crack diameter, which was consistent with 
the conclusions obtained in the related literature (Fan et al. 
2016).

The influence of crack inclination angle on mud cake 
permeability

When clear water penetrates through mud cake cracks, dif-
ferent inclination angles of the cracks result in different dis-
tances for clear water to flow, and the frictional resistance 
of the clear water in the cracks is also different. We changed 
the inclination angle by controlling the angle of metal pin 
insertion, and we used a linear seam made with 6 seams at 
90°, 75°, 60°, 45°, 30°, and 15° to study the effect on mud 
cake permeability. The schematic diagram of inserting mud 
cakes at different angles is shown in Fig. 10.

In experiments where we used the above method to effec-
tively control the inclination angle of each model seam, we 
controlled the thickness of the mud cake at approximately 
4 mm. The experimental results are shown in Table 1. Where 
the diameter of every silver needles was 0.25 mm, and the 
number of stitches was 9.

The data in Table 1 show that the water loss of mud cake 
was greatest when the crack was 90° and least when the 
crack was 15°. The smaller the crack inclination was, the 
longer the channel of water flowing through the crack, the 
greater the duration of the frictional resistance between 
water and the crack, and, due to the adsorption of water by 
clay, the greater the specific surface area of clay in contact 
with water in the flowing channel. As a result, the surface 
free energy and water adsorption ability of the clay surface 
increased, which narrowed the fracture channel to prevent 
the further passage of water and caused residual water in the 
fracture to have a smaller effect on water loss.

The effect of fracture arrangement on mud cake 
permeability

In the above experiments, we studied linear fractures. Next, 
we investigated whether different arrangements of fractures 
affected mud cake permeability. Therefore, four types of 
arrangements were designed: linear, matrix, circular, and 
cross. The arrangements of the cracks are shown in Fig. 11. 
Where the direction of each crack is vertical:

Linear: take the center of the filter paper as the initial 
seam point and then seam every 5 mm along the same 
linear direction;
Matrix: take the center of the filter paper as the initial 
seam point and then perform the seam operation every 
5 mm along the edge of the filter paper in the diagonal 
direction of the matrix;
Circular: take the center of the filter paper as the center 
of the circle and select the distance along the circle with 
a radius of 15 mm for seam operation;
Cross: take the center of the filter paper as the initial seam 
point and conduct the seam operation every 5 mm along 
the edge of the filter paper in the direction of a cross.

The clear water permeability of the respective mud 
cakes was then measured, and the results are shown in 
Table 2. Where the number of holes in the mud cake was 
9, the diameter of the metal silver needle was 0.25 mm, 

Fig. 10  Schematic diagram of inserting mud cake at different angles

Table 1  Water loss of mud cake 
after fracture formation with 
different fracture angles

Silver needle 
insertion angle

Average water loss 
before socket/mL

Average water loss 
after socket/mL

Equivalent width 
of single crack/m

Permeability of mud cake 
after making joints/mD

15° 3.1 3.3 4.10 ×  10–5 7.74 ×  10–4

30° 3.2 3.4 4.16 ×  10–5 1.63 ×  10–3

45° 3.4 3.6 4.22 ×  10–5 1.78 ×  10–3

60° 3.5 3.7 4.28 ×  10–5 2.09 ×  10–3

75° 3.5 3.8 4.31 ×  10–5 2.53 ×  10–3

90° 3.4 4 4.33 ×  10–5 2.54 ×  10–3
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and the average thickness of the foundation mud cake was 
3.5 mm, which was 90° vertical insertion.

The data in Table 2 reveal that the difference in water 
loss of the mud cake was not significant under the four 

arrangements. The possible reason for this result is that 
with proper fracture length, the fracture fluids did not 
interfere much with one other in the same plane and the 

Fig. 11  Schematic diagram of 
the arrangement of cracks

Table 2  Water loss of mud 
cakes in different arrangements

Jack arrangement Average water loss 
before socket/mL

Average water 
loss after socket/
mL

Equivalent width 
of single crack/m

Permeability of mud cake 
after making joints/mD

Cross type 3.4 4.1 4.36 ×  10–5 7.78 ×  10–4

Circular type 3.5 3.9 4.33 ×  10–5 7.62 ×  10–4

Matrix type 3.6 3.8 4.34 ×  10–5 7.64 ×  10–4

Linear type 3.4 3.9 4.30 ×  10–5 7.40 ×  10–4
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same flow direction, so there was no behavior similar to 
interwell seepage interference.

Research on the influence of soaking time on mud 
cake permeability

Meng et al. (2015) and Zhou et al. (2016) investigated 
the effect of imbibition on the permeability of the matrix, 
natural fractures, and microfractures. Figure 12 shows 
a schematic that summarizes the general effect of water 
imbibition on the change in permeability for the matrix, 
natural fractures, and microfractures based on short-term 
and long-term imbibition tests by Meng et  al. (2015) 
and Zhou et al. (2016), respectively. To investigate the 
relationship between the permeability and soaking time 
of mud cake prepared in this paper, water was added to 
the autoclave body to observe the permeability changes 

in mud cake soaked in water for 0.5 h, 1–24 h, 48 h, 72 h, 
96 h, 144 h, 192 h, and 240 h. A schematic diagram of the 
experimental operation is shown in Fig. 13. The experi-
mental results are shown in Fig. 14.

Figure 14 shows that the mud cake permeability under-
went a small increase within 24 h of immersion and then 
does not change much. When the immersion time was 
48–96 h, the mud cake permeability did not change greatly, 
remaining in the range of 9.49–9.82 ×  10–4 mD. But when 
the immersion time reached 144 h, the mud cake permeabil-
ity reached the order of  10–3 mD, and with the extension of 
the immersion time, the mud cake permeability rose more 
obviously. When the soaking time was 240 h, the mud cake 
permeability reached 1.3 ×  10–3 mD. The figures shows that 
the single fracture equivalent opening did not change much, 
remaining at 3.93–4.93 ×  10–5 m. The reasons that the mud 
cake maintained its permeability in a more stable fluctuation 
interval after a long soaking time are as follows.

To maximize the elimination of clay swelling in the 
mud cake during soaking, contact between clay particles 
in the cake and the liquid phase should be minimized while 
increasing the strength of the cake from perspectives.

Fig. 12  Schematic summarizing the general effect of water imbibition on the change in permeability for a the matrix and natural fractures, b 
microfractures, and c the sample (Singh 2016)

Fig. 13  Schematic diagram of mud cake soaking

Fig. 14  Variation in mud cake permeability with soaking time
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1. The film-forming agent XZ-CMJ is capable of spon-
taneous oxidative cross-linking, so XZ-CMJ can not 
only adsorb on the clay surface to inhibit its hydration 
but also adsorb on the rock surface to spontaneously 
polymerize and form a polymer film, which can seal 
the micropores and microfractures of the mud shale and 
reduce the development of secondary fractures and the 
pressure transfer of drilling fluid (Jiang et al. 2018). XZ-
SSJ has a nanoscale and microscale multi-stage rough 
physical structure (see Fig. 15b). The surface modifica-
tion with perfluorooctyltriethoxysilane further reduces 
its surface free energy and realizes the super double 
sparse performance on the solid surface. The double 
sparse inhibitor XZ-SSJ forms a rough physical struc-
ture on the solid surface, which significantly reduces 
the number of pores on the core surface and increases 

the surface roughness. It makes the filter cake denser, 
which helps to reduce the amount of filtration loss and 
prevent the drilling fluid from invading the mud cake. In 
addition, as shown in Fig. 16, the double sparse inhibitor 
changes the wettability of solid surfaces from hydro-
philic and oleophilic to super double sparse (Ni et al. 
2018).

With the synergistic effect of the two, the mud cake 
achieved a superhydrophobic effect, and its hydrophobic 
mechanism is shown in Fig. 17.

2. Semi-rigid fibers in water and silicon dioxide seal and 
plug the pores in the mud cake to contribute to the for-
mation of a dense mud cake and prevent the destruction 

Fig. 15  Schematic illustration 
of the amphiphobic core surface 
treated by ANS (a), the surface 
microstructure (b), and the 
chemical compositions (c) (Ni 
et al. 2018)

Fig. 16  Image of deionized 
water and hexadecane droplets 
on cores (Ni et al. 2018)
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of the mud cake and loss of filtrate. MF-508, a polycar-
boxylate comb-like macromolecule, chelates with the 
calcium ions in the mud to produce a stable chelate, 
which makes the mud cake particles have an affinity for 
one other and thus enhances the cementation strength of 
the internal structure of the mud cake. LGE-1 is a high 
molecular long-chain material and is mainly an alkaline 
inorganic salt material. The polymeric long-chain sub-
stances provide skeletal support for the clay particles, 
while the small inorganic salt molecules fill the skeletal 
voids and promote the entry of molecules in the cement 
filtrate. QX-III promotes the formation of active silicate 
mud cake activators between the clay particles of the 
mud cake, thus providing favorable conditions for the 
mud cake curing agent LGE-1 to promote the forma-
tion of effective hardening bodies inside the mud cake, 
generating Ca(OH)2 and silicate. Gels such as Ca(OH)2 
and silicate are also cementing hydration products, and 
thus they improve the compatibility of the mud cake 
with cement. While silicate gel fills the spaces between 
the clay particles to glue the dispersed clay particles 
together and improve the denseness of the mud cake, 
Ca(OH)2 covers the surface of the clay particles to hin-
der the hydration of the clay particles and improve the 
hardness of the mud cake, thus increasing the strength 
of the mud cake and enhancing the interfacial cementa-

tion strength. The mud cake curing agent LGE-1 added 
to the mud cake adsorbs between the clay particles and 
forms C–S–H gel and Ca(OH)2 hardener inside the mud 
cake. The C–S–H gel improves the density of the mud 
cake, acts as a cross-linker in the mud cake, improves 
the integrity of the mud cake, and Ca(OH)2 covering the 
surface of the clay particles hinders the hydration of the 
clay, increasing the resistance to water intrusion. The 
ability to improve the strength and quality of the mud 
cake improve the structural integrity and longevity of 
the mud cake simulated cracks in the experiment.

Figure 18a shows that the surface and internal structure 
of the mud cake were loose, and the strength and hard-
ness were low when the mud cake curing agent was not 
used. (The white part is the loose structure void in the 
mud cake.) Fig. 18b shows that after the use of a mud 
cake curing agent, the solidification reaction took place 
inside the mud cake to form a dense solidified layer, which 
effectively filled the loose structure inside the mud cake, 
thus solving the problems of low strength and hardness. 
(The blue part is the state after the mud cake curing agent 
is filled and cured.)

Fig. 17  Schematic diagram of 
the hydrophobic mechanism

Fig. 18  Solidification mecha-
nism of the mud cake curing 
agent: a before using the mud 
cake curing agent and b after 
using the mud cake curing agent
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Conclusions

1. Low-permeability mud cake was prepared in the labora-
tory to simulate the real environment of a low-perme-
ability formation. The effective permeability was con-
trolled between 5.9 ×  10–4 and 1.1 ×  10–3 mD, and the 
thickness of the mud cake was controlled between 3.2 
and 3.7 mm.

2. Based on the prepared low-permeability mud cake, the 
crack width was controlled by model seam formation 
with metal silver needles to simulate real cracks. In this 
paper, the recommended number of cracks was 9, the 
heating time was 2 h, the crack inclination angle was 
90° and the arrangement of cracks was matrix type for 
the evaluation criteria of crack simulation.

3. The addition of mud cake curing agent LGE-1 and acti-
vator QX-III greatly improved the strength and quality 
of the mud cake, and under the synergistic effect of the 
dual sparse inhibitor XZ-SSJ and film-forming agent 
XZ-CMJ, the mud cake achieved the super hydropho-
bic effect based on two mechanisms that improved the 
structural integrity and longevity of the mud cake with 
simulated fractures.
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