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A B S T R A C T

The seepage coupling effect between the borehole rock mass and borehole fluid and the effective stress field 
distribution around the wellbore are obviously different under different working conditions of drilling, fracturing 
and completion, which affect the stability of horizontal borehole of shale gas reservoir. The physical, chemical, 
and mechanical properties of the shale in Longmaxi formations in a block of China immersed with different 
working fluids were tested experimentally. Combined with the experimental data, a theoretical model was 
established to evaluate and analyze the wellbore stability of Longmaxi formations shale under different working 
conditions of drilling, fracturing and completion. The results show that the shale of the Longmaxi Formation is a 
typical hard and brittle shale, the bedrock is dense, with high mechanical strength and weak hydration and 
expansion ability. The immersion effect of different working fluids has little influence on the expansion and 
mechanical properties of shale bedrock. However, the mechanical strength of shale with relatively developed 
bedding fractures is low, and the immersion effect of different drilling fluid further weakens the mechanical 
strength, resulting in obvious anisotropy of mechanical strength of underground rock. The coupling effect of 
seepage between wellbore and formation has obvious influence on the dynamic distribution of borehole pore 
pressure and wellbore stability under different working conditions. The effective fluid column pressure at the 
bottom of the hole is the highest during the fracturing process, which leads to the increase of pore pressure near 
the wellbore, and then to the increase of collapse pressure around the borehole wall. The equivalent density of 
collapse pressure rises to the maximum of 1.93 g/cm3, and the wellbore stability is the worst in the fracturing 
process. The wellbore stability is secondary in the drilling process, and the wellbore stability is good when 
drilling along the direction of the maximum horizontal principal stress, and the equivalent density of collapse 
pressure is 1.69 g/cm3. During the completion process, the formation fluid flows into the wellbore, the pore 
pressure in the borehole is relieved, and the equivalent density of the collapse pressure is reduced to approxi-
mately 1.35 g/cm3, the wellbore stability is the best and open hole completion can be attempted in the horizontal 
well section. The results provide a certain theoretical reference for the selection of the drilling and completion 
schemes in shale formation.   

1. Introduction

During the drilling process, the horizontal open hole section of the
shale gas well is relatively long, and the seepage coupling effect between 

the wellbore rock and wellbore fluid and the change of effective stress 
field near the wellbore zone have a significant influence on the stability 
of the shale gas horizontal well (Liang et al., 2016; Zhao et al., 2016; 
Chen et al., 20181–3). In the process of fracturing, the shale gas 
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reservoir is fractured on a large scale; the fracture interlaces and ex-
tends. The seepage effect of the fracture network near the well zone and 
the fluid–solid coupling effect with the rock mass influence the effective 
stress field around the shale gas reservoir and change the stability of the 
borehole wall (Ran et al., 2015). 

Scholars worldwide have extensively investigated the borehole wall 
instability of drilling and completion in hard and brittle shale forma-
tions. Ma and Chen (2015) took the bedding and fracture weak plane as 
the research objects and integrated them with the mechanics-seepage 
coupling model by using weak bedding plane failure criterion to eval-
uate the failure mechanism of hard brittle shale formation. The damaged 
area around the horizontal well with different drilling times and 
different drilling directions were simulated and analyzed, and the crit-
ical equivalent mud density required to maintain the wellbore stability 
in different periods was calculated. Shale exhibits a high degree of 
elastic anisotropy because of its bedding characteristics and often reacts 
chemically to the drilling fluid. Kanfar et al. (2017) established a 
force–chemical–seepage coupling borehole wall stability analysis model 
for the reduction of mechanical strength and additional hydration stress 
after the mud shale was soaked by the drilling fluid. This model could be 
used to evaluate the borehole wall stability that varied with time during 
and after drilling. Chen et al. (2019) regarded the micro-cracks as the 
damage of the hard and brittle shale from the perspective of the 
micro-cracks of the hard and brittle shale. The distribution of the 
micro-cracks was determined by a random function, and the damage 
mechanics and fracture mechanics were combined to establish the 
damage constitutive model of the hard and brittle shale. The FLAC3D 
software was used to simulate and analyze the wellbore stability, and the 
results showed the sensitivity of hard brittle shale to drilling fluid; the 
development degree of micro-fractures had the greatest influence on the 
wellbore stability. The plugging property and density of drilling fluids 
are important means of ensuring the stability of hard brittle shale. Ding 
et al. (2018) established a new model for shale formations with a rela-
tively developed weak plane to study the influence of multiple groups of 
weak planes on the wellbore stability in shale formations. This model 
was used to analyze the influence of the weak plane on the stress dis-
tribution and shale strength. The results proved that the existence of the 
weak plane reduces the strength of the shale, and the collapse pressure 
increases with the increase of anisotropy of shale formation. For hori-
zontal wells, choosing a suitable drilling azimuth can reduce the impact 
of the weak plane on the wellbore stability. Fan et al. (2013) established 
a model for analyzing the strength of the metamorphic rock formation 
with well logging data based on the results of the core mechanics ex-
periments in metamorphic formations. The minimum bottomhole flow 

pressure needed to stabilize the borehole was calculated by using the 
borehole completion stability analysis method, and the maximum 
allowable production pressure difference was obtained to judge the 
feasibility of the open-hole completion method. Wen et al. (2014) 
established a coupling model of the borehole wall stability in an inclined 
section of the hard and brittle shale by considering the structural char-
acteristics and weak surface hydration; they used the model to analyze 
the influencing factors of the collapse pressure distribution. The estab-
lished coupling model can predict the collapse pressure more accurately. 

In the above studies, researchers had not formed a complete set of 
evaluation methods for wellbore stability during the drilling, fracturing, 
and completion processes. Therefore, we conducted systematic labora-
tory tests on Longmaxi shale in a block in China and incorporated these 
results into an established theoretical model to evaluate the dynamic 
changes of the wellbore-stratum seepage field, effective stress field, and 
wellbore stability during the drilling, fracturing, and completion pro-
cesses. It can provide theoretical support for the formulation of the shale 
gas well development plan, optimize engineering design, and provide 
efficient on-site construction in this area. 

2. Materials

The research object of this paper is the Longmaxi Formation shale in
a certain block in China, and the average depth of the underground core 
was more than 3500 m. We used x-ray diffraction (XRD) equipment to 
measure the mineral composition and content distribution of the 
downhole cores, which was mainly composed of brittle minerals, such as 
calcite and quartz, with a quartz content of approximately 46% and a 
small amount of feldspar (An et al., 2020). The clay mineral content was 
approximately 34% and was mainly composed of illite, chlorite, and 
other clay minerals with weak expansion ability; the shale contained a 
small amount of imonite mixed layer; however, the mixed layer ratio 
was very low. This implies that the Longmaxi Formation shale was hard 
and brittle shale with weak hydration and expansion capacity (Rick 
et al., 2008). In general, this type of shale has high hardness, strong 
brittleness, and weak hydration expansion ability. The shale micro-
structure characteristics of Longmaxi Formation are shown in Fig. 1. 

Fig. 1 shows that the Longmaxi Formation shale is dense; however, it 
is hard and brittle in nature with relatively developed bedding cracks 
and relatively uniform trends of micro-fractures. 

Fig. 1. Microstructure photo of the Longmaxi Formation shale.  
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3. Experimental methods and results

3.1. Physical and chemical performance parameters test of shale 

Hydration expansion performance test can be used to evaluate the 
expansion performance of downhole rock samples under different im-
mersion systems. This test can be used to evaluate the inhibition ability 
of the rock mass expansion by using different drilling fluid systems and 
is a way of optimizing the drilling fluid system (Barati et al., 2016). This 
test can also evaluate the expansive property of the rock and analyze the 
hydration expansive ability of the rock on the borehole wall; the 
mechanism of the borehole wall collapse and instability can also be 
measured. The downhole cores with similar homogeneity after 
screening were respectively put into the hydration expansion tester 
equipped with different working fluids, and the hydration and expan-
sion performance of downhole shale under the environment of on-site 
working fluid immersion was evaluated and analyzed after the same 
immersion time. The test results are shown in Fig. 2. 

Fig. 2 shows that the shale expansion of the Longmaxi Formation is 
very small under different drilling fluid environments, and the expan-
sion strain is generally less than 0.1%. The expansion strains of the 
different drilling fluids are as follows:  

(i) The expansion strain of the fracturing fluid is greater than that of 
the aqueous solution;  

(ii) The expansion strain of the aqueous solution is greater than that 
of the diesel oil; and 

(iii) The hydration expansion capacity of shale in the Longmaxi For-
mation is weak. 

When combined with the X-ray powder diffraction test results, this 
type of shale usually has high hardness, strong brittleness, and weak 
hydration expansion capacity, and it is prone to produce micro-cracks 
under high stress and external forces. 

The test of porosity and permeability performance parameters of 
rock can be used to evaluate the permeability capacity of borehole rock 
and to provide the basic parameters for the dynamic change law of the 
permeability field and stress field between the wellbore and stratum in 
later stages. The porosity and permeability of shale in Longmaxi For-
mation were measured by the tight rock gas permeability tester in the 
laboratory. The test results are shown in Table 1 and Table 2. 

Tables 1 and 2 show that the porosity and permeability of shale in the 
Longmaxi Formation are relatively low, and the permeability is gener-
ally 10− 4–10− 2 mD. The permeability in the direction of the parallel 
bedding is higher than that in the direction perpendicular to the 
bedding, which proves that the conductivity of the bedding cracks was 
higher than that of the shale bedrock. 

3.2. Testing and analysis of shale mechanical properties 

The systematic triaxial mechanics test accurately obtains the me-
chanical parameters of rocks under the downhole pressure environment; 
this information can be used to evaluate the influences of different 
drilling fluid systems, fracture developments, fracture strikes, and other 
factors on the mechanical properties of borehole rocks (Wang et al., 
2018). The shale of the Longmaxi Formation was developed with 
bedding fractures. Based on this information, the shale of Longmaxi 
Formation was used with different bedding trends to conduct triaxial 
experiments under different confining pressures. The experimental re-
sults are shown in Fig. 3. 

Fig. 3 shows that the anisotropic characteristics of elastic parameters 
and the mechanical strength of the bedding shale are obvious. Due to the 
existence of bedding cracks, the elastic modulus of the rock samples 
perpendicular to the direction of bedding cracks is small, and the 
compressive strength of the rock samples parallel to the direction of 
bedding is low. In addition, the rock samples parallel to the direction of 
the bedding are prone to fracture failure along the bedding cracks. 

At the same time, the triaxial mechanical testing machine was used 
to test the mechanical parameters of the shale after soaking in different 
working fluids under the confining pressure of 45 MPa. The main 
components of the fracturing fluid used in the field are glue, friction 
reducer water and activated water, and the main completion fluid used 
is the water-based completion fluid. The experimental results are shown 
in Fig. 4. 

Fig. 4 shows that, on the whole, the field oil-base drilling fluid, 
fracturing fluid, and completion fluid have no obvious influence on the 
mechanical properties of the shale in the Longmaxi Formation. The 
elastic modulus and compressive strength of some rock samples 
decreased slightly after immersion in the completion fluid and fracturing 
fluid, but the decrease was small. The variation in the shale mechanical 
properties under oil-based drilling fluid was not obvious, which implies 
that the immersion effect of different working fluids has little influence 
on the shale’s mechanical properties. However, for the rock samples of 

Fig. 2. Shale expansion performance test results of Longmaxi Formation.  

Table 1 
Testing results of porosity and permeability parameters in the Longmaxi 
Formation.  

Core 
number 

Length 
[cm 

Diameter 
[cm] 

Porosity 
[%] 

permeability 
[mD] 

8-18-69-1 4.4080 2.5120 0.56 0.0000490 
8-18-69-2 4.2920 2.5420 0.46 0.0001024 
8-18-69-3 4.2800 2.5410 0.64 0.0001147 
7-95-117-1 4.4160 2.5340 0.55 0.0011540  

Table 2 
Testing results of porosity and permeability parameters of Well 1 in the Longmaxi Formation.  

Formation Horizontal permeability [mD] Vertical permeability [mD] 

Range Average value Amount Range Average value Amount 

Longyi 
section 

④ 0.0012–0.0038 0.0025 2 0.000129–0.000054 0.000091 2 
③ 0.0144–0.0144 0.0144 1 0.000013–0.000171 0.000092 2 
② 0.0178–0.0178 0.0178 1 0.000937–0.000937 0.000937 1 

Wufeng formation ① 0.0025–0.0093 0.0052 3 0.000081–0.004014 0.001451 3  
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Well 7 that developed bedding cracks, the effect of working fluid im-
mersion had a significant effect on the mechanical strength of the rock. 
When the working fluid penetrates along the fractures under the 
downhole pressure, the induced splitting effect makes it likely for the 
rock samples to be destroyed along the bedding fractures. 

4. Theory and calculation

4.1. Dynamic distribution law of wellbores: Formation seepage field and 
pore pressure during drilling and completion 

In this paper, we established a theoretical model of the dynamic 
change rules of the wellbore formation’s seepage field, effective stress 
field, and wellbore stability in the horizontal section of the Longmaxi 
Formation shale during the drilling, fracturing, and completion pro-
cesses by considering the wellbore trajectory, bedding fracture direc-
tion, pressure penetration, hydration effect, mechanical strength loss 
under anisotropy of mechanical properties, and so on. Firstly, the 
quantitative model of borehole porosity and permeability in horizontal 
shale wells was established. 

(1) The mathematical model of wellbore pore pressure transfer is 
shown as follows (Ma et al., 2016): 

∂P
∂t

= k*∇2P +
∑N

i=1
∇
(

D*
i ∇c*

ci

)
(1)  

∂ci

∂t
=

k
μφ0

[
∇(λici) ⋅∇P+ λici∇

2P
]
+

1
φ0

∇(Di∇ci) (2)  

where P is the formation pore pressure in MPa; K* is an effective 
(dimensionless) permeation coefficient; K is the formation permeability 
in mD; Di* is the multicomponent mineral effective diffusion coefficient 
in cm2/s; Di is the effective diffusion coefficient of one component 
mineral in cm2/s; ci is the molality concentration of one component 
mineral in mol/L; Ci* is the molality concentration of multicomponent 
minerals in mol/L; μ is the viscosity in Pa⋅s; φ0 is the porosity in %; and λi 

is the (dimensionless) coupling coefficient. 
(2) The mathematical model of the radial flow capacity of a borehole 

wall is as follows (Ma et al., 2016): 

kR = k11sin2θ1 + k33cos2θ1 =
k11 + k33

2
−

k11 − k33

2
cos2θ1 (3)  

where KR is the radial flow capacity of the borehole wall in D; K11 and 
K33 are the permeability components in three-dimensional space in D; θ1 
is the angle between the bedding plane and the X-axis in degrees. 

(3) The accurate evaluation of the angle relationship between the 
main stress field of the wellbore and the normal direction of the bedding 
surface is key to evaluating the wellbore stability of drilling horizontal 
wells in bedding shale reservoirs (Jin and Chen, 2012). The relationship 
between the radial direction of the borehole wall and the normal angle 
of the bedding plane is as follows: 

ξ= arccos

(
a1⋅b1 + a2⋅b2 + a3⋅b3

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a1

2 + a2
2 + a3

2
√

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
b1

2 + b2
2 + b3

2
√

)

⋅
180
π (4) 

Here, 

a1 = sin αs cos βs
a2 = sin αs sin βs
a3 = cos αs
b1 = cos β cos α cos θ − sin β sin θ
b2 = sin β cos α cos θ + cos β sin θ
b3 = − sin α cos θ  

where ξ is the included angle between radial flow direction and fracture 
plane of borehole wall in degrees; αs is fracture dip angle in degrees; βs is 
fracture tendency in degrees; αis the inclination angle of the well tra-
jectory in degrees; β is the azimuth angle of the wellbore trajectory in 
degrees; and θ is the well circumference angle in degrees. 

Based on the included angle relationship between the main stress 
field of the borehole wall and the normal direction of the bedding sur-
face established above, the influence of the bedding strike, dip angle, 
and wellbore trajectory on the included angle relationship between the 

Fig. 3. Triaxial experimental results of shale with different bedding trends in Longmaxi Formation.  

Fig. 4. Triaxial test results of Longmaxi shale after soaking in drilling fluid.  
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main stress field of the borehole wall and the normal direction of 
bedding were evaluated (see Fig. 5) 

Fig. 5 shows that the well inclination angle and azimuth angle have 
obvious effects on the permeability near the borehole wall of the strat-
igraphic shale reservoir. Under the same azimuth angle and inclination 
angle, the borehole wall permeability changes significantly with 
changes in the well circumference angle. This shows that when the 
bedding strike and inclination angle are constant, the azimuth angle, 

inclination angle, and circumferential angle affect the included angle 
relationship between the wellbore seepage direction and the bedding 
surface. 

Similarly, for the test results of the porosity and permeability pa-
rameters of the Longmaxi Formation Well 1, we consider the angle 
relationship between the radial seepage direction and the bedding sur-
face of the borehole wall of the bedding shale reservoir. During the 
drilling process, the permeability mathematical description method of 

Fig. 5. Variation law of the angle between the radial seepage direction of the wellbore and bedding plane.  

Fig. 6. Variation law of seepage around a well at different fracture inclinations.  
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the anisotropic formation established above was used to evaluate the 
permeability change rules of the borehole wall under different azimuth 
angles, inclination angles, and well circumference angles (see Fig. 6). 

Fig. 6 shows that there are differences in the seepage capacity of the 
shale reservoir during drilling. When the bedding is horizontal, and the 
borehole trajectory azimuth is 90◦, the inclination angle is 0◦, that is, 
when drilling in a straight section, each point around the well is radially 
parallel to the bedding fracture, and the permeability is 0.02 mD. With 
the increase in the inclination angle, the angle between the radial di-
rection and the strike of the bedding fracture surface changes at each 
location point around the well. When the inclination angle is 90◦ (i.e., in 
the horizontal well section) and the circumferential angle is 90◦ (or 
270◦), the radial seepage capacity of the borehole wall is the maximum; 
when the circumferential angle is 0◦ (or 180◦), the radial seepage ca-
pacity of the borehole wall is the least. The seepage capacity of the 
borehole wall in the shale formations is related to the angle between the 
bedding fracture surface and the borehole axis. The seepage capacity 
parallel to the bedding surface is high, and the seepage capacity 
perpendicular to the bedding surface is the least. 

Similarly, the pressure in the radial seepage capacity of the borehole 
rock will inevitably lead to differences in the seepage capacity between 
the wellbore and formation under the bottom hole pressure environment 
and between the pore pressure distribution and effective stress field near 

the borehole wall. Taking the Longmaxi Formation Well 1 as an 
example, the pore pressure distribution of the borehole wall during the 
drilling process and the completion and production processes were 
evaluated and analyzed. The pore pressure gradient of Well 1 in the 
Longmaxi Formation was 59.6 MPa; the bottom hole liquid column 
pressure during the drilling process was 63.4 MPa, and the bottom hole 
flowing pressure of the test production was 39.22 MPa. The evaluation 
results are shown in Fig. 7. 

Fig. 7 shows that fluid migration between the wellbore and the for-
mation has a significant effect on the pore pressure in the formation 
around the well during the drilling and completion processes. In the 
process of drilling, the wellbore pressure is higher than the formation 
pore pressure, and the drilling fluid migrates to the formation, which 
increases the borehole pressure in the borehole wall. However, the in-
crease in amplitude is different at different positions around the well and 
depends on the angle relationship between the radial direction of each 
point and the bedding surface. In the process of completion, the wellbore 
pressure is lower than the formation pore pressure; the formation fluid 
flows into the wellbore, and the pore pressure in the wellbore decreases. 
The variation amplitude of the pore pressure in the wellbore depends on 
the radial seepage capacity of the rock in the wellbore. 

Fig. 7. Variation law of borehole pore pressure in shale reservoir during drilling and completion of Well 1.  
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4.2. Dynamic distribution law of seepage field and pore pressure in the 
fracturing area 

The permeability of the shale reservoir is low. To increase the 
reservoir permeability, complex networks of artificial fractures often 
need to be created by fracturing stimulations. After the formation of 
artificial fractures, the natural fractures and the connections between 
them and the wellbore will be communicated, which leads to liquid 
phase intrusions into the deep reservoir along the artificial fractures (Wu 
et al., 2012). The seepage model of the shale reservoir during fracturing 
is established by the motion equation, state equation, and continuity 
equation. To obtain the basic equations of liquid seepage for the shale 
formation matrix and the fracture system, we considered the interfacial 
flow between the matrix and the fracture and substituted the equation of 
motion and the equation of state into the equation of continuity. 

The matrix and liquid phase equation is as follows: 

ρw
km

μw
∇2pm = −

∂(φmρw)

∂t
+

α1knf

μw

(
pnf − pm

)
ρw +

α3khf

μ
(
phf − pm

)
ρw

+
km

μwr
(pwell − pm)ρw (5) 

The natural fracture equation is as follows: 

ρw
knf

μw
∇2pnf = −

∂
(
φnfρw

)

∂t
+

α2khf

μw

(
phf − pnf

)
ρw −

α1knf

μw

(
pnf − pm

)
ρw

+
knf

μwr
(
pwell − pnf

)
ρw (6) 

The artificial fracture equation is as follows: 

ρw
khf

μw
∇2phf = −

∂
(
φhfρw

)

∂t
−

α2khf

μw

(
phf − pnf

)
ρw −

α3khf

μw

(
phf − pm

)
ρw

+
khf

μwr
(
pwell − phf

)
(7) 

The first term on the right of the equation represents the change rate 
of the volume of the rock skeleton caused by the change of the seepage 
pressure. The second item represents the interflow term between the 
substrate and the fracture system. The third term represents the seepage 
flow from the wellbore to the matrix. 

The initial conditions and boundary conditions of the seepage 
equation are as follows: 
⎧
⎨

⎩

pm(r, 0) = phf(r, 0) = pnf(r, 0) = p0
pm(+∞, t) = phf(+∞, t) = pnf(+∞, t) = p0
pm(rw, t) = phf(rw, t) = pnf(rw, t) = pwell

(8) 

Fig. 7. (continued). 
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Fig. 8. COMSO geometric model after fracturing to form artificial fractures.  

Fig. 9. Pressure contour plots of the matrix and fracture system at different times.  
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where ρw is the density of the drilling fluid in g/cm3; km is the equivalent 
permeability of the shale matrix in um2; μw is the viscosity of the water 
phase in Pa⋅s; Pm is the internal pressure of the matrix in MPa; φm is the 
porosity of the shale matrix in %; knf is the equivalent permeability of 
natural fractures in um2; Pnf is the internal pressure of natural fractures 
in MPa; khf is the absolute permeability of the artificial fractures in um2; 
Phf is the liquid column pressure of the artificial fractures in MPa; pwell is 
the static water column pressure in MPa; φnf is the porosity of natural 
fractures in %; α1 is the flow factor from natural fractures to the matrix; 
α2 is the flow factor from the artificial fractures to natural fractures; α3 is 
the channeling flow factor from artificial fractures to the matrix; r is the 
seepage distance, where it can also represent the distance from the 
wellbore to the seepage node in m; rw is the borehole radius in m; φhf is 
the porosity of the artificial fracture in %; and P0 is the initial pressure of 
the formation in MPa. 

According to the physical model of the artificial fracture, after the 
completion process was invaded by the fracturing fluid, the geometric 
model was established in COMSOL (see Fig. 8). Fig. 8 established a shale 
matrix with a width of 100 m and a length of 30 m. To simulate the 
wellbore, the pressure at the bottom of the model was set to be constant 
at Pw. The pressure at the top of the model was constant at P0 to simulate 
the infinity of the formation. Four artificial fractures were set in the 
matrix; the artificial fractures developed branch fractures, and three of 
them were penetrated by natural fractures. There were two other natural 
fractures that did not meet the artificial fractures, but one of them was 
connected to the wellbore. 

The seepage control equation after the formation of fracturing cracks 
consists of basic equations and their initial and boundary conditions. 
Fig. 9 shows the pressure cloud map of the matrix and fracture system 
simulated and analyzed at different times. 

From Fig. 9, it can be seen that the permeability of the artificial 
fracture is much higher than the permeabilities of the matrix and natural 
fractures; therefore, the liquid phase penetrates rapidly along the arti-
ficial fracture in the initial stage of the liquid phase invasion. After 
reaching the boundary of the artificial fracture, the liquid phase begins 
to invade along the natural fracture. At the same time, the liquid phase 
flows slowly to the matrix around the artificial fracture. During this 
period, the liquid phase invades the matrix under the pressure difference 
between the wellbore liquid column pressure and formation pore pres-
sure. However, because of its low permeability and the influence of the 
dominant role of fractures on seepage, the liquid inflow rate in the 
matrix is slow. After the liquid phase continues to invade along the 
natural fracture for a period, the pore pressure in the natural fracture 
gradually increases, and under the pressure difference, the liquid phase 
flows from the natural fracture to the matrix. As the liquid content of the 
matrix increases, the pore pressure of the matrix also increases. When 

the pressure between the matrix and the fracture system tends to be 
stable, the pressure front will advance smoothly along the depth of the 
formation. It can also be observed from the pressure cloud map that the 
two natural fractures that do not intersect with the artificial fractures 
show different pressure evolution processes; the pressure evolution 
speed of the natural fractures that are connected with the wellbore is 
weaker than that of the artificial fractures at the moment of fluid intake. 
However, due to the differential pressure drive between the wellbore 
and the formation, the liquid phase will quickly invade the natural 
fractures. However, a natural fracture that is not connected with the 
artificial fracture or the wellbore shows poor communication with the 
fluid and slow evolution of the seepage pressure velocity. This is clear 
from the fact that the natural fracture that is not connected with artifi-
cial fracture or the wellbore in the production process does not 
contribute much to productivity improvement. 

The seepage pressure evolution process of the matrix is calculated as 
shown in Fig. 10. 

The seepage pressure evolution process of natural fractures is shown 
in Fig. 11. 

The seepage pressure evolution process of artificial fractures is 
shown in Fig. 12. 

The evolution process of the matrix seepage pressure caused by the 
liquid phase intrusion in the drilling process is slower than the evolution 
process of the natural fracture seepage pressure after the formation of 

Fig. 10. Evolution of matrix seepage pressure after artificial fracture formation.  
Fig. 11. Evolution process of the seepage pressure in the natural fractures after
the formation of artificial fractures. 

Fig. 12. Seepage pressure evolution process of artificial fractures.  
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the artificial fracture. The evolution trend of the seepage pressure with 
the radial distance at 10 h is close to coincidence with that at 2000 h. 
This is due to the high permeability of the artificial fractures, which 
enable the liquid phase to enter the shale formation and permeate 
quickly. The front edge of the liquid phase breaks through to the 
intersection of the artificial fractures and natural fractures in a short 
time. At this point, the liquid phase enters the natural fracture. The 
starting pressure gradient of the liquid phase at this moment is less than 
that required by the liquid phase to enter the natural fracture during the 
drilling process. Therefore, the liquid phase enters the natural fracture 
from the artificial fracture faster than it enters the natural fracture from 
the wellbore and matrix during the drilling process. 

4.3. Dynamic change rules of effective stress field and wellbore stability 
during the drilling, fracturing, and completion 

For directional wells or horizontal wells, it is necessary to consider 
the influence of factors such as the wellbore trajectory (inclination angle 
and azimuth angle) and radial seepage of the borehole rock. Combining 
the well trajectory inclination angle α, azimuth angle β, and the in-situ 
stress field (σH, σh. σv) in the rectangular coordinate system, the carte-
sian coordinate transformation can be used to obtain the stress field (σx, 
σy, σz, τxy, τxz, τyz) of the borehole axis in the rectangular coordinate 
system for any azimuth and inclination. The transformation relationship 
can be expressed as follows (Chen, 2008): 

σx = cos 2 α
(
σHcos 2 β + σhsin 2 β

)
+ σVsin 2 β

σy = σHsin 2 β + σhcos 2 β
σz = sin 2 α

(
σHcos 2 β + σhsin 2 β

)
+ σVcos 2 α

τxy = cos α sin β cos β(σh − σH)

τxz = cos α sin α
(
σHcos 2 β + σhsin 2 β − σV

)

τyz = sin α cos β sin β(σh − σH)

(9) 

Under the cylindrical coordinate system, the effective stress field on 
the sidewall surface of any inclined well (r = rw) can be expressed as 
follows: 

σr = pw − ap(r, t)
σθ =

(
σx + σy

)
− pw −

(
σx − σy

)
cos 2 θ − 4 × τxy × sin 2 θ − ap(r, t)

σzz = σz − μ
[
2
(
σx − σy

)
cos 2 θ + 4τxy sin 2 θ

]
− ap(r, t)

τθz = 2
(
− τxz sin θ + τyz cos θ

)

τrθ = τrz = 0
(10)  

where σH is the horizontal maximum principal stress in MPa; σh is the 
minimum horizontal principal stress in MPa; σV is the vertical principal 
stress in MPa; σx, σy, σz, τxy, τxz, τyz are the components of the ground 
stress in MPa; and σr, σθ, σzz, τθz, τrθ are the stress components in cylin-
drical coordinates (MPa). Pw is the liquid column pressure in MPa; α is 
the borehole trajectory inclination angle in degrees; β is the borehole 
trajectory azimuth angle in degrees; θ is the well circumference angle in 
degrees; μ is the dimensionless Poisson’s ratio; a is the dimensionless 
effective stress coefficient; and p(r,t) is the formation static pore pressure 
at the time t when the distance from the borehole wall is r measured in 
MPa. 

For formations with beddings and fractures, the mechanical weak 
surface criterion can be used to evaluate and analyze the influence of the 
weak surface on the stability of the borehole wall. In this paper, the 
Jaeger model was used to characterize the impact of the weakness of the 
rock mechanics on the rock mass mechanical properties (Jaeger and 
Cook, 1979). This model describes the shear failure conditions of a rock 
mass with one or a group of parallel weak planes; therefore, it is usually 
referred to as a single group of the weak plane strength theoretical 
model. In this model, the failure criterion of the weak plane is as follows 
(Chen, 2008): 

Fig. 13. Distribution of effective radial stress field on borehole wall of shale reservoir in Longmaxi Formation.  
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σ1 = σ3 +
2(Cw + σ3 tanϕw)

(1 − tanϕw cot β0)sin 2 β0
 (β1 ≤ β0 ≤ β2) (11) 

Here, 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

β1 =
ϕw

2
+

1
2

arcsin
[
(σ1 + σ3 + 2Cw cotϕw)sinϕw

σ1 − σ3

]

β2 =
π
2
+

ϕw

2
−

1
2

arcsin
[
(σ1 + σ3 + 2Cwcotϕw)sinϕw

σ1 − σ3

] (12) 

If the above conditions are not met, the rock mass failure criterion 
follows the Mohr–Coulomb criterion as follows: 

σ1 = σ3cot2
(π

4
−

ϕ0

2

)
+ 2C0cot

(π
4
−

ϕ0

2

)
 (β2 ≤ β0 or β0 ≤ β1) (13)  

where σ1 is the maximum principal stress in MPa; σ3 is the minimum 
principal stress in MPa; C0 is the rock cohesion in MPa; Cw is the weak 
plane cohesion in MPa; ϕ0 is the rock internal friction angle in degrees; 
ϕw is the weak plane friction angle in degrees; β0 (given in degrees) is the 
angle between the normal direction of the weak surface and the 
maximum principal stress. 

As an example, the distributions of effective radial stress and effec-
tive circumferential stress around the horizontal section of the Longmaxi 
Formation during the drilling and completion were evaluated and 
analyzed by using the test results of the in-situ stress in Well 1 of the 
Longmaxi shale formation. The basic data of Well 1 are shown below. 

The simulated wellbore trajectory is along the direction of the minimum 
horizontal principal stress and the well depth was 3800 m. The overlying 
strata pressure of ground stress was 92 MPa, the maximum horizontal 
principal stress was 97 MPa, and the minimum horizontal principal 
stress was 78.2 MPa. The pore pressure in the far field of Longmaxi 
Formation is 59.6 MPa, the drilling bottom liquid column pressure of the 
loading condition inside the borehole is 63.4 MPa, and the bottom hole 
flow pressure of test production is 39.22 MPa. 

Fig. 13 and Fig. 14 compare and analyze the distribution of the 
effective radial stress and effective circumferential stress field in the 
horizontal section of the shale reservoir of the Longmaxi Formation in 
the drilling, fracturing, and completion processes. 

Figs. 13 and 14 show that the wellbore formation’s fluid–solid 
coupling effect has a significant impact on the effective stress field 
around the well, and there is a difference in the increase in the amplitude 
of the pore pressure near the borehole during the drilling, fracturing, 
and completion processes. The pore pressure increase amplitude of 
fracturing is larger than that for conventional drilling, and the pore 
pressure increase amplitude of conventional drilling is larger than that 
of the completion production. In conventional overbalanced drilling, the 
wellbore fluid migrates to the formation, which leads to a rise in the 
formation pore pressure and a decrease in the effective radial stress and 
tangential stress; it also increases the shear failure force. In the process 
of well completion and production, the formation fluid flows into the 
wellbore, which results in a decrease in the pore pressure around the 

Fig. 14. Distribution of effective circumferential stress field on borehole wall of shale reservoir in Longmaxi Formation.  
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well and an increase in the effective radial stress and tangential stress; it 
also decreases the shear failure. 

At the same time, the dynamic changes in wellbore stability during 
drilling, fracturing, and completion of the Longmaxi shale reservoirs 
were evaluated and analyzed, as shown in Fig. 15. 

Fig. 15 shows that the inclination angle and azimuth angle have 
obvious effects on the wellbore stability during the drilling process. As 
the inclination angle increases, the equivalent density of the formation 
collapse pressure first increases and then decreasing. The collapse 
pressure of the horizontal well drilled along the direction of the mini-
mum horizontal principal stress is higher than the direction of the 
maximum horizontal principal stress. 

There are differences in the borehole stability of the horizontal shale 
wells in the Longmaxi Formation under different working conditions. 
The main reason is the coupling effect of the seepage between the 
wellbore and the formation. In the process of fracturing, the effective 
liquid column pressure at the bottom of the well is the largest, which 
leads to an increase in the pore pressure near the borehole wall. This 
increase, in turn, leads to an increase in the borehole wall collapse 
pressure, and the equivalent density of the collapse pressure rises to 
1.93 g/cm3. The collapse pressure equivalent density during the drilling 
process was 1.69 g/cm3. During the completion process, the formation 
fluid is poured back into the wellbore, which reduces the pore pressure 
near the wellbore and the equivalent density of the collapse pressure to 
1.35 g/cm3. The rate of pressure reduction is related to the wellbore 

permeability. During the completion and production process, the high 
collapse pressure area of the horizontal section is shaped like “four ears.” 
The collapse pressure equivalent density is approximately 1.35 g/cm3, 
and the collapse range angle is approximately 30◦. This shows that the 
open hole completion of the horizontal wells in the Longmaxi Formation 
is still in the safe range, which shows that the open hole completion can 
be considered in this area. The pressure gradient of the bottomhole flow 
in the completion production should be controlled at 1.35 MPa/m. 

5. Conclusions

(1) The content of brittle minerals, such as quartz and calcite in the
shale reservoir of Longmaxi Formation is high, and the brittleness 
index is approximately 50%. The clay minerals are mainly illite, 
chlorite, and other weakly expansive clays.  

(2) The shale of the Longmaxi Formation is dense with low porosity 
and permeability parameters, and the permeability is usually 
10− 2–10− 4 mD. The permeability of the rock sample with 
bedding cracks is relatively high, and the permeability along the 
direction of the bedding cracks is higher than the permeability 
perpendicular to the direction of the bedding cracks.  

(3) Under different working fluids (oil-based drilling fluid, fracturing 
fluid, and completion fluid), the shale expansion performance of 
the Longmaxi Formation is very low, and the hydration expansion 

Fig. 15. Wellbore stability comparison of Well 1 during the drilling and completion processes in the Longmaxi Formation.  
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strain is generally less than 0.1%; this proves that the hydration 
expansion ability of the shale in the Longmaxi Formation is weak.  

(4) The shale rock strength of the Longmaxi Formation is high, but 
the anisotropic characteristics of mechanical strength are 
obvious. The compressive strength of the rock under downhole 
pressure is 150–304 MPa. The mechanical strength of the rock 
samples with the bedding cracks is low, and the compressive 
strength is within the range of 40–140 MPa. The immersion effect 
of the different working fluids has little influence on the me-
chanical properties of shale.  

(5) Under different working conditions (drilling, fracturing, and 
completion production), there were differences in the laws of 
seepage migration between the wellbore and formation and the 
dynamic changes in the borehole pore pressure. Under drilling 
conditions, the equivalent density of formation collapse pressure 
was 1.69 g/cm3, and the collapse pressure of the horizontal wells 
drilled along the minimum horizontal principal stress was higher 
than the collapse pressure in the direction of the maximum hor-
izontal principal stress. During the fracturing process, the pore 
pressure near the borehole wall increases greatly, and the 
equivalent density of the collapse pressure increases to 1.93 g/ 
cm3. During the completion process, the borehole pore pressure 
was relieved, the borehole wall collapse pressure was reduced, 
and the collapse pressure equivalent density was reduced to 
approximately 1.35 g/cm3. Open hole completion could be 
attempted in the horizontal section. We recommended that the 
pressure gradient of the bottomhole flow in the completion pro-
duction be controlled at 1.35 MPa/m. 
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