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Abstract. Supercharging in the vicinity of a borehole is an important factor that affects formation damage and
drilling safety, and the filter cake growth process has a significant impact on supercharging in the vicinity of the
borehole. However, existing models that predict pore pressure distribution overlook dynamic filter cake growth.
Thus, an analytical supercharging model was developed that considers time-dependent filter cake effects, and
this model was verified using a two-dimensional numerical model. The influences of filter cake, formation, and
filtrate properties on supercharging were investigated systematically. The results indicate that time-dependent
filter cake effects have significant influence on supercharging. Supercharging increases in the early stage but
decreases over time because of the dynamic growth of filter cake, and the supercharging magnitude decreases
along the radial direction. Because of filter cake growth, the magnitude of supercharging falls quickly across
the filter cake, and the decreased magnitude of pore pressure caused by the filter cake increases. Supercharging
in low-permeability formations is more obvious and the faster rate of filter cake growth, a lower filtrate viscosity
and faster reduction rate of filter cake permeability can help to weaken supercharging. The order of impor-
tance of influencing factors on supercharging is overbalance pressure > formation permeability > formation
porosity � filtrate viscosity > filter cake permeability attenuation coefficient > initial filter cake permeability
control ratio > filter cake growth coefficient > filter cake porosity. To alleviate supercharging in the vicinity
of the borehole, adopting drilling fluids that allow a filter cake to form quickly, optimizing drilling fluid with
a lower filtrate viscosity, keeping a smaller overbalance pressure, and precise operation at the rig site are
suggested for low-permeability formations during drilling.

1 Introduction

Pore pressure, also known as formation pressure, is the pres-
sure of the fluid in the pore spaces of porous formations (Ma
et al., 2015). As a key parameter in geology-related fields,
accurate pore pressure prediction is vital for geological sci-
entists and engineers. It is well known that many activities,
such as drilling, tunnel excavation, seismicity, geological
energy exploitation and storage, and geological disposal of
nuclear waste, can cause pore pressure to change, which
may further change the structure and stress state of porous
materials and may lead to shear failure or fracturing (Bruno
and Nakagawa, 1991; Guayacán-Carrillo et al., 2017;
Liu et al., 2013, 2020; Mohajerani et al., 2012; Rice, 2006;
Shi et al., 2021). In drilling engineering, there are many
factors that can result in pore pressure variation near the

wellbore, and these factors can be classified into physical
(e.g., fluid flow into or out of the formation, time-dependent
filter cake growth, capillary action, and hydrodynamic
expansion), mechanical (e.g., drilling unloading, tempera-
ture change-induced thermal stress, and in-situ stress-
induced stress concentration near the wellbore), chemical
(e.g., interaction between the rock and drilling fluid), and
engineering effects (e.g., surge/swab pressure during trip-
ping operations, drill-string rotation or vibration, and the
drill string colliding with the wellbore wall) (Jia et al.,
2019; Khaled and Shokir, 2017; Ma et al., 2016; Meng
et al., 2019; Roshan and Rahman, 2010).

One of the main reasons for pore pressure variations in
the vicinity of the borehole is that drilling fluid filtrate inva-
sion occurs as the mud hydrostatic pressure is set higher
than the original formation pressure to ensure drilling safety
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(Banerjee et al., 2006; Ceyhan et al., 2016; Di et al., 2014).
This in turn leads to higher pore pressure near the wellbore
than the original formation pressure, especially in low-
permeability formations, which is also called supercharging.
The supercharging phenomenon in the vicinity of the bore-
hole is significant because it is a prerequisite for analyzing
wellbore stability, reservoir damage, and formation testing
while drilling; thus, numerous works have been conducted
on this topic. It should be noted during drilling that the
pressure differential between the wellbore and the forma-
tion causes the mud filtrate to invade the formation while
depositing solid particles at the wellbore wall to form a filter
cake (Banerjee et al., 2006; Ma et al., 2020); a schematic
description of the pressure profile with supercharging in
the vicinity of the borehole is provided in Figure 1, which
shows that the pressure in the wellbore is at hydrostatic
pressure (pw) but falls quickly across the filter cake (pa)
and then slowly decreases in the formation to the original
formation pressure (pi) some distance away from the well-
bore (Banerjee et al., 2006; Hadibeik et al., 2012).

During the process of filter cake growth, the cake thick-
ness increases and permeability decreases over time until
they stabilize to a maximum thickness and a minimum
permeability. It is necessary to consider time-dependent
filter cake effects (including filter cake thickness and perme-
ability) on the supercharging phenomenon in the vicinity of
the borehole because filter cake properties have a direct
influence on hydraulic and mechanical effects near the
wellbore (Di et al., 2014; Feng et al., 2018b; Liu and
Abousleiman, 2018; Tran et al., 2011). However, only a
few works have considered the influence of time-dependent
filter cake effects on supercharging analyses. Traditional
models for wellbore stability research have considered either
a wellbore with an impermeable filter cake or one with no
filter cake at all (Halafawi and Avram, 2019; Meng et al.,
2019; Roshan and Rahman, 2010, 2011; Ubedullah et al.,
2019). In reservoir damage analysis of over-balanced
drilling, the main damage types include water locking dam-
age, sensitivity damage, and solid phase invasion damage,
and those damages are influenced directly by the drilling
fluid invasion process (Dabiri et al., 2013; Li et al., 2017;
Zheng et al., 2019), which means that the formation
damage is closely related to filter cake time-dependent
properties. In addition, the invasion radius is an important
parameter to describe the degree of formation damage
(Civan, 2016; Ling et al., 2015; Parn-anurak and Engler,
2005), and this radius can be visualized more intuitively
according to the supercharging distribution near the well-
bore. However, such analytical models are scarce, and
supercharging in the vicinity of the borehole has not
aroused much attention. Furthermore, in formation testing
while drilling, which is commonly used in offshore drilling to
improve drilling safety and reduce the drilling time and cost
(Di et al., 2014), although some models have considered
filter cake properties, filter cake thickness and permeability
were not involved simultaneously or were not considered as
time-dependent properties (Banerjee et al., 2006; Hammond
and Pop, 2005). There are also other numerical models
in which the time-dependent filter cake properties were
both considered (Feng et al., 2018a; Chang et al., 2008;

Zaher and Sirju, 2014), but such models would need a com-
plex initialization process and would spend a considerable
amount of time on calculation.

With the development of unconventional resources
exploitation, the numbers of deep wells, ultra-deep wells,
and extended reach wells continue to increase, leading to
increased costs and risks of drilling. The effects of filter cake
buildup and/or filter cake property variation over time on
supercharging-related wellbore stability, reservoir damage,
and formation testing while drilling have been plaguing
the industry, and analytical solutions for supercharging in
the vicinity of the borehole involving time-dependent filter
cake effects are very limited. To fill this gap, an analytical
model of transient response of near-wellbore supercharging
during filter cake growth is proposed in this paper, and the
influencing factors of supercharging have been systemati-
cally investigated. The results of this paper can help us to
understand the variation rules of supercharging, and to
guide the analysis of wellbore stability, reservoir damage,
and formation testing during drilling.

The paper is organized as follows. In Section 2, a new
model is first proposed that considers time-dependent filter
cake thickness and permeability. The model is then verified
by comparing the analytical results with the simulation
results calculated by COMSOL Multiphysics. In Section 3,
the influences of filter cake parameters, formation proper-
ties, and filtrate viscosity on supercharging in the vicinity
of the borehole are investigated systematically. In Section 4,
the supercharging variation rules of four special cases, the
influencing degrees of different factors on supercharging,
and strategies to weaken supercharging are discussed, and
the limitations of the model are also described.

2 Modeling

2.1 Problem description and assumptions

In drilling process, at the moment when the drill bit crush-
ing the rock at the bottom hole, the drilling fluids permeate
into the formation immediately due to the overbalanced
pressure between wellbore and formation, and the filter
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Fig. 1. Pressure with the supercharging effect in the vicinity of
the borehole (modified from Ma et al., 2015).
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cake has not formed yet at this moment. With increasing
time, the drilling fluids continue to filter into the formation,
and because of irregular protrusion on the inner wall of the
wellbore, some solid particles in the drilling fluids will grad-
ually adhere to the borehole wall and form the filter cake
(Fisher et al., 2000; Ma et al., 2020). During those time,
the invaded small sized particle will block the pore throat,
which will result in a smaller permeability of filter cake as
time increasing. Because of the thicker thickness and smal-
ler permeability of the filter cake, the filtration rate and the
cake growth rate gradually decrease, and then reach a
dynamic equilibrium state after a period of time (Jaffal
et al., 2017; Liu and Santamarina, 2018). A diagram of
the filter cake and formation is shown in Figure 2. Because
the filter cake has a direct influence on hydraulic and
mechanical effects near the wellbore, supercharging in the
vicinity of the borehole during drilling is also time-
dependent based on filter cake thickness and permeability.
To simplify the modeling process of supercharging, the
following assumptions are made:

1. The formation is continuous, homogeneous, and iso-
tropic, and its porosity and permeability are constant.

2. The fluid flow process satisfies single-phase incom-
pressible Darcy flow.

3. The porosity of the filter cake is constant during the
cake growth process.

4. The overbalance pressure between the wellbore and
formation is also constant.

5. Thermal and chemical effects on supercharging near
the wellbore can be ignored.

2.2 Equivalent filter cake permeability

Filter cake thickness increases with time during drilling,
which means that the inner boundary conditions, such as
the radius of the inner boundary (rw) shown in Figure 2,
change with time. It is challenging to build an analytical
model of this system when moving boundary conditions
are considered. Therefore, we have adopted a single
material parameter, named “equivalent filter cake perme-
ability” by Feng et al. (2018a), to capture the effects of both

time-dependent filter cake thickness and permeability on
supercharging. The equivalent filter cake permeability can
be determined by forcing the same fluid flow rate under
the same differential pressure across the filter cake in
equivalent conditions with a constant filter cake thickness
wo and the real case with time-dependent filter cake
thickness w1(t) and permeability k1(t). Thus, the following
equation can be obtained (Feng et al., 2018a):

2pke tð Þ
l ln

rw þ w0

rw

�p ¼ 2pk1 tð Þ
l ln

rw þ w1 tð Þ
rw

�p: ð1Þ

The left side of this equation represents the flow rate in the
equivalent conditions with a constant filter cake thickness
wo and time-dependent equivalent filter cake permeability
ke(t), and the right side represents the flow rate for the real
situation with time-dependent filter cake thicknessw1(t) and
permeability k1(t). Thus, according to equation (1), the
equivalent filter cake permeability ke(t) can be written as:

ke tð Þ ¼ k1 tð Þ
ln 1þ wo

rw

� �

ln 1þ w1 tð Þ
rw

� � ; ð2Þ

where ke(t) is the equivalent filter cake permeability, mD;
k1 is the real situation with time-dependent filter cake per-
meability, mD; wo is the constant filter cake thickness, m;
w(t) is the real situation with time-dependent filter cake
thickness, m; and rw is the filter cake inner radius, m.

During drilling, many factors such as drill-string rota-
tional speed, annulus velocity, drilling fluid type, solid par-
ticle size, formation temperature, formation pressure, and
formation permeability, can influence the time-dependent
properties of the filter cake (Jaffal et al., 2018; Ma et al.,
2020; Ribeiro et al., 2017; Veisi et al., 2020; Yao et al.,
2014). Some experimental and mathematical models have
been conducted to study the filter cake growth process
(Fisher et al., 2000; Hashemzadeh and Hajidavalloo, 2016;
Jaffal et al., 2017; Ma et al., 2020; Rabbani and Salehi,
2017), and their results showed that both the thickness and
permeability of filter cake obey the exponential changing

Fig. 2. Diagram of filter cake and formation.
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modes. Some previous researchers have utilized the
empirical equations with the exponential changing modes
to investigate the time-dependent filter cake effects on well-
bore stresses (Feng et al., 2018a; Tran et al., 2011), but the
coefficients of their empirical equations are constant, which
can only be used in some special cases. In order to enlarge
the application scope of those equations, the following
general empirical equations were adopted to describe the
time-dependent filter cake permeability and thickness. It
should be noted that the coefficients of both two equations
can be obtained from the curve fitting with the indoor
experimental data or simulated result of their own interest:

k1 tð Þ ¼ a � 1þ b � e�ctð Þ; ð3Þ

w1 tð Þ ¼ d � 1� e�mtð Þ; ð4Þ
where a is the final filter cake permeability, mD; b is the
initial filter cake permeability control ratio, dimensionless;
c is the permeability attenuation coefficient of the filter
cake, dimensionless; d is the final filter cake thickness,
m; and m is the filter cake growth coefficient,
dimensionless.

2.3 Mathematical model of supercharging

Because the research object is a combined filter cake–
formation system, according to the assumptions in
Section 2.1, the governing equations of the filter cake and
formation in a radial cylindrical system can be written as:

o2p1
or2

þ 1
r
op1
or

¼ /1l1ct1
ke

op1
ot

¼ 1
g1

op1
ot

ðrw � r � raÞ

o2p2
or2

þ 1
r
op2
or

¼ /2l2ct2
k2

op2
ot

¼ 1
g2

op2
ot

ðra � r � reÞ;

8>>><
>>>:

ð5Þ
where r is the radius, m; t is time, s; p1 is the pore pressure
in the filter cake, Pa; /1 is the filter cake porosity, dimen-
sionless; l1 is the filtrate viscosity in the filter cake, Pa�s; ct1
is the filter cake compressibility, 1/Pa; g1 is the hydraulic
diffusivity of the filter cake, m2/s; p2 is the pore pressure
in the formation, Pa; /2 is the formation porosity, dimen-
sionless; l2 is the filtrate viscosity in the formation, Pa�s;
ct2 is the formation compressibility, 1/Pa; k2 is the forma-
tion permeability, mD; g2 is the formation hydraulic diffu-
sivity, m2/s; ra is the formation inner radius, m; and re is
the formation outer radius, m.

The initial condition is:

p r; 0ð Þ ¼ pi; ð6Þ
where, Pi is the original formation pressure, Pa.

The boundary conditions are:

p r; tð Þ ¼ pi þ�p r ¼ rwð Þ
p r; tð Þ ¼ pi r ¼ reð Þ;

(
ð7Þ

where DP is the overbalance pressure between the well-
bore and formation, Pa.

In addition, the continuity conditions are as follows:

p1 r; tð Þ ¼ p2 r; tð Þ r ¼ rað Þ
ke
l1

op1
or

¼ k2
l2

op2
or

r ¼ rað Þ:

8><
>: ð8Þ

To simplify the calculation, the following dimensionless
variables (including dimensionless time tD, dimensionless
pressure pD, and the dimensionless radius rD) are
introduced:

tD ¼ g2 � t
ra � w0ð Þ2 ; ð9Þ

pD ¼ p� pi
�p

; ð10Þ

rD ¼ r
ra � w0

: ð11Þ

Therefore, equation (5) becomes:

o2pD1

orD2
þ 1
rD

opD1

orD
¼ d

opD1

otD

rw
ra � w0ð Þ � rD � ra

ra � w0ð Þ
� �

o2pD2

orD2
þ 1
rD

opD2

orD
¼ opD2

otD

ra
ra � w0ð Þ � rD � re

ra � w0ð Þ
� �

:

8>>><
>>>:

ð12Þ
In which,

d ¼ g2
g1

: ð13Þ

Equations (6)–(8) then respectively become:

pD rD; 0ð Þ ¼ 0; ð14Þ

pD1
rw

ra � w0ð Þ ; t
� �

¼ 1

pD1
re

ra � w0ð Þ ; t
� �

¼ 0;

8>>><
>>>:

ð15Þ

pD1 ¼ pD2
ra

ra � w0ð Þ ; tD
� �

opD1

orD
¼ M

opD2

orD

ra
ra � w0ð Þ ; tD

� �
:

8>>><
>>>:

ð16Þ

In equation (16), M is:

M ¼ k2l1

kel2
: ð17Þ

Applying Laplace transformation to equation (12) and
(14)–(16) yields:
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d2�pD1

d rD
ffiffiffiffiffi
ds

p� �2 þ 1

rD
ffiffiffiffiffi
ds

p d�pD1

d rD
ffiffiffiffiffi
ds

p� �� �pD1 ¼ 0

rw
ra � w0ð Þ � rD � ra

ra � w0ð Þ
� �

d2�pD2

d rD
ffiffiffi
s

pð Þ2 þ
1

rD
ffiffiffi
s

p d�pD2

d rD
ffiffiffi
s

pð Þ � �pD2 ¼ 0

ra
ra � w0ð Þ � rD � re

ra � w0ð Þ
� �

;

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð18Þ

where s is the complex variable in a Laplace transform:

�pD rD; sð Þ ¼ 0; ð19Þ

�pD1 rw= ra � w0ð Þ; sð Þ ¼ 1
s

�pD2 re= ra � w0ð Þ; sð Þ ¼ 0;

8><
>: ð20Þ

�pD1 ¼ �pD2 ra= ra � w0ð Þ; sð Þ
d�pD1

drD
¼ M

d�pD2

drD
ra= ra � w0ð Þ; sð Þ:

8><
>: ð21Þ

Equation (18) comprises modified Bessel equations, the
solutions of which in the Laplace domain are:

�pD1 ¼ AI 0 rD
ffiffiffiffiffi
ds

p� �
þ BK 0 rD

ffiffiffiffiffi
ds

p� �
rw

ra � w0ð Þ � rD � ra
ra � w0ð Þ

� �
�pD2 ¼ CI 0 rD

ffiffiffi
s

p� �þDK 0 rD
ffiffiffi
s

p� �
ra

ra � w0ð Þ � rD � re
ra � w0ð Þ

� �
;

8>>>>>>>>><
>>>>>>>>>:

ð22Þ

where I0() and K0() are the first and second kind zero-
order modified Bessel functions, respectively, and A, B,
C, and D are undetermined coefficients.

Taking the derivative of equation (22) yields:

d�pD1

drD
¼ A

ffiffiffiffiffi
ds

p
I 1 rD

ffiffiffiffiffi
ds

p� �
� B

ffiffiffiffiffi
ds

p
K 1 rD

ffiffiffiffiffi
ds

p� �
rw

ra � w0ð Þ � rD � ra
ra � w0ð Þ

� �
d�pD2

drD
¼ C

ffiffiffi
s

p
I 1 rD

ffiffiffi
s

p� ��D
ffiffiffi
s

p
K 1 rD

ffiffiffi
s

p� �
ra

ra � w0ð Þ � rD � re
ra � w0ð Þ

� �
;

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð23Þ

where I1() and K1() are the first and second kind first-
order modified Bessel functions, respectively.

Now, we can unite equations (20)–(23), and after some
derivations, the following matrix can be obtained:

see equation (24) top of the page

The solutions of equation (24) can be easily obtained
using a linear algebra method, such as the Gaussian main
elimination method. After A, B, C, and D are obtained,
submitting these parameters into equation (22), we can
determine the pore pressure near the wellbore in Laplace
space.

Because of the difficulty of inverse Laplace transforma-
tion, the Stehfest inversion method is used to obtain the
supercharging pressure in real space:

pD rD; tD; dð Þ ¼ ln 2
tD

XN
i¼1

vi � �pD rD;
ln 2
tD

i; d
� �

; ð25Þ

where N is an even number (N = 8), and s in equation (22)
is represented by ln 2

tD
i.

It should be noted that the supercharging pressure calcu-
lated by equation (25) is the one at a certain moment.
Hydraulic conditions vary with time, which frustrates any
simple calculation of supercharging, but it is possible to
make an approximate estimate based on the assumption that
the filter cake has taken its present value at all times since
the start of drilling when calculating supercharging pressure
in the vicinity of the borehole at a certain moment.

A special case of the current model is that when d = 1,
the combined filter cake–formation system can degenerate
into a system without filter cake; thus, the model can also
be used to study the supercharging phenomenon under that
condition.

2.4 Model validation and comparison

To validate the supercharging model proposed in this
paper, a 2D combined filter cake–formation numerical
model was created using commercial finite-element software
(COMSOL Multiphysics). Because of symmetry, only one
quarter of the wellbore was modeled, as shown in Figure 3.
The length and width of the whole model were 20 times the
filter cake inner radius, and the mesh in the wellbore vicin-
ity was refined to better capture the pore pressure varia-
tions in this region. The basic parameters used in both
the numerical and analytical models are list in Table 1.
For simulating the supercharging phenomenon under the

I 0
ffiffiffiffiffi
ds

p� �
K 0

ffiffiffiffiffi
ds

p� �
0 0

0 0 I 0
re

ffiffiffi
s

p
ra � w0

� �
K 0

re
ffiffiffi
s

p
ra � w0

� �

I 0
ra

ffiffiffiffiffi
ds

p

ra � w0

 !

ffiffiffiffiffi
ds

p
I 1

ra
ffiffiffiffiffi
ds

p

ra � w0

 !
K 0

ra
ffiffiffiffiffi
ds

p

ra � w0

 !

�
ffiffiffiffiffi
ds

p
K 1

ra
ffiffiffiffiffi
ds

p

ra � w0

 ! �I 0
ra

ffiffiffi
s

p
ra � w0

� �

�M
ffiffiffi
s

p
I 1

ra
ffiffiffi
s

p
ra � w0

� � �K 0
ra

ffiffiffi
s

p
ra � w0

� �

M
ffiffiffi
s

p
K 1

ra
ffiffiffi
s

p
ra � w0

� �

2
6666666666664

3
7777777777775
�

A

B
C

D

2
6664

3
7775 ¼

1=s

0
0

0

2
6664

3
7775: ð24Þ
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condition that no filter cake exists on the borehole wall, the
filter properties were replaced by the formation properties.
The numerical and analytical results of supercharging in the
vicinity of the borehole within/without filter cake effects are
depicted in Figures 4a and 4b respectively. A close agree-
ment of the results of the two models can be observed,
which confirms that the analytical model and solution pro-
cess proposed in this paper are exact enough. FromFigure 4,
it is easily observed that the supercharging in the vicinity of
the borehole was very different when the time-dependent
filter cake properties were considered compared with the
condition of no filter cake. When the filter cake was
involved, the supercharging near the wellbore decreased
with time as the filter cake grew during drilling. However,
the supercharging increased with increasing time when
the filter cake was not considered. Therefore, it is neces-
sary to consider time-dependent filter cake effects on super-
charging in the vicinity of the borehole to study wellbore
stability, reservoir damage, or formation testing while
drilling.

3 Evolution of supercharging with different
factors

The supercharging phenomenon near the wellbore is
closely related to filter cake, formation, and filtrate proper-
ties. To reveal the supercharging variation rules with differ-
ent influencing factors when time-dependent filter cake
effects are considered, according to the basic data in Table 1,
the supercharging near the wellbore under different filter
cake properties (including the permeability attenuation
coefficient, initial permeability control ratio, and growth
coefficient), formation properties (including permeability
and porosity), and filtrate viscosity were systematically
investigated.

3.1 Filter cake permeability attenuation coefficient

The filter cake permeability attenuation coefficient controls
the permeability reduction rate of the filter cake, and the
permeability reduction rate directly influences the hydraulic

Table 1. Basic parameters.

No. Parameters Value Unit

1 Filter cake inner radius, rw 0.1 m
2 Formation inner radius, ra 0.103 m
3 Formation outer radius, re 2 m
4 Constant mudcake thickness, wo 0.003 m
5 Original formation pressure, Pi 107 Pa
6 Overbalance pressure, DP 3 � 106 Pa
7 Filter cake porosity, /1 0.08 –

8 Filter cake compressibility, ct1 4 � 10�10 1/Pa
9 Filtrate viscosity in filter cake, l1 0.001 Pa�s
10 Filter cake thickness, w1 wo (1 � e�0.002t) m
11 Filter cake permeability, k1 0.0005(1 + 3e�0.0005t) mD
12 Formation porosity, /2 0.1 –

13 Formation compressibility, ct2 1 � 10�10 1/Pa
14 Filtrate viscosity in formation, l2 0.001 Pa�s
15 Formation permeability, k2 0.1 mD

Fig. 3. Geometry and mesh of the numerical model.
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diffusion efficiency between the wellbore and formation. To
study the effect of the filter cake permeability attenuation
coefficient on supercharging near the wellbore, the pore
pressure variations were analyzed for different filter cake
permeability attenuation coefficients of 0.0004, 0.0006,
0.0008, and 0.0010. Supercharging with different times
and positions near the wellbore are depicted in Figures 5
and 6, respectively.

Figure 5 shows that the supercharging pressure
decreased gradually along the radial direction and fell
quickly across the filter cake. In all domains, the supercharg-
ing pressure decreased with an increased filter cake perme-
ability attenuation coefficient. As time increased, the
decreased pore pressure caused by the filter cake increased,
and a higher filter cake permeability attenuation coefficient
was associated with a larger decrease in pore pressure, which
contributed to smaller supercharging near the wellbore.
Figure 6 shows that after a short period of time following
the start of drilling, the supercharging difference with differ-
ent filter cake permeability attenuation coefficients was
small. However, as time increased, the supercharging differ-
ence continuously grew until a certain time point was
reached, and the supercharging pressure decreased with
the increase of the filter cake permeability attenuation
coefficient. Over time, the supercharging difference
decreased. Because the filter cake permeability decreased
as the permeability attenuation coefficient of the filter cake
increased, the filter cake was more likely to isolate the

wellbore and formation; therefore, slight supercharging in
the vicinity of the borehole could be seen when the filter cake
had a higher permeability attenuation coefficient.

3.2 Filter cake initial permeability control ratio

The filter cake initial permeability control ratio controls the
initial permeability of the filter cake, which can influence
the rate of filtrate invasion into the formation. To clarify
the effect of the initial filter cake permeability control ratio
on supercharging, the pore pressure variations were
analyzed, and the results when the initial filter cake perme-
ability control ratio was considered as 3, 5, 7, and 9 are
shown in Figures 7 and 8.

Figure 7 shows that at the four selected moments, the
supercharging pressure decreased gradually along the radial
direction and fell quickly across the filter cake. The super-
charging pressure increased with the increase of the initial
filter cake permeability control ratio. The decreased pore
pressure caused by the filter cake increased with increasing
time, and a higher initial filter cake permeability control
ratio caused a lower decrease in pore pressure, which
resulted in more severe supercharging in the vicinity of
the borehole. The supercharging variations with four posi-
tions are shown in Figure 8. The supercharging pressure
first increased and then decreased with increasing time,
and a higher initial filter cake permeability control ratio
contributed to a higher supercharging pressure. The super-
charging difference with different initial filter cake perme-
ability control ratios changed with time, first increasing
and then decreasing as time passed. The reason for the
supercharging phenomenon discussed above is that the fil-
ter cake permeability increased with the increased initial fil-
ter cake permeability control ratio, which led to a higher
filtrate invasion rate; therefore, more severe supercharging
appeared near the wellbore.

3.3 Filter cake growth coefficient

The filter cake growth coefficient controls the growth rate
of the filter cake, and can also influence the rate of filtrate
invasion into the formation. To investigate the effect of
the filter cake growth coefficient on supercharging in the
vicinity of the borehole, the pore pressure variations were
analyzed for different filter cake growth coefficients of
0.001, 0.002, 0.003, and 0.004. Figures 9 and 10 show the
calculated results of supercharging variations with different
times and positions, respectively.

Figure 9 shows that the supercharging pressure
decreased gradually along the radial direction and fell
quickly across the filter cake. The supercharging pressure
decreased with the increase of the filter cake growth coeffi-
cient. As time increased, the decrease in pore pressure
caused by the filter cake increased, which means that the
most severe supercharging happened at the start of drilling
under the current calculated examples. Figure 10 depicts
the supercharging variations of four positions. With increas-
ing time, the supercharging first increased, and the rate of
increase was greater closer to the wellbore; after a short
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Fig. 4. Analytical and numerical results comparison. (a) Time-
dependent filter cake; (b) no filter cake.

T. Ma et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 46 (2021) 7



0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

p D

rD

c=0.0004 c=0.0006
c=0.0008 c=0.0010

(a)

1.0 1.1 1.2 1.3
0.8

0.9

1.0

filter cake

formation

0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

p D

rD

c=0.0004 c=0.0006
c=0.0008 c=0.0010

(b)

1.0 1.1 1.2 1.3
0.6

0.7

0.8

0.9

1.0
filter cake

formation

0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

p D

rD

c=0.0004 c=0.0006
c=0.0008 c=0.0010

(c)

1.0 1.1 1.2 1.3
0.4

0.6

0.8

1.0
filter cake

formation

0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

p D

rD

c=0.0004 c=0.0006
c=0.0008 c=0.0010

(d)

1.0 1.1 1.2 1.3

0.4

0.6

0.8

1.0
filter cake

formation

Fig. 5. Supercharging with different filter cake permeability attenuation coefficients. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s;
(d) t = 5000 s.
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Fig. 6. Supercharging with different filter cake permeability attenuation coefficients. (a) rD = 1.03; (b) rD = 2; (c) rD = 5;
(d) rD = 10.
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Fig. 7. Supercharging with different initial filter cake permeability control ratios. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s;
(d) t = 5000 s.
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Fig. 8. Supercharging with different initial filter cake permeability control ratios. (a) rD = 1.03; (b) rD = 2; (c) rD = 5; (d) rD = 10.
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period of time, the supercharging decreased. The super-
charging was also more sensitive to a small filter cake
growth coefficient. The filter cake growth occurred more

quickly when the filter cake had a larger growth coefficient,
which limited the filtrate invasion rate; therefore, the super-
charging was more slight.
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Fig. 9. Supercharging with different filter cake growth coefficients. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s; (d) t = 5000 s.
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3.4 Formation permeability

The formation is the main hydraulic diffusion medium dur-
ing drilling, and its permeability is closely related to super-
charging near the wellbore. To reveal the supercharging
phenomena with different types of formations, the pore
pressure in the vicinity of the borehole was investigated
by considering formation permeabilities of 0.01, 0.1, 1,
and 10 mD in the proposed model. The calculated results
are shown in Figures 11 and 12.

Both Figures 11 and 12 show large differences compared
with the previous analysis. When the formation had a high
permeability, such as 10 mD, the supercharging pressure
was almost equal to zero because of the higher hydraulic dif-
fusion rate. As the formation permeability decreased, the
supercharging approaching the wellbore was more severe
in the early stage of filter cake formation, but supercharging
far from the wellbore was not the highest when there was
filtrate invasion into the lower permeability formations,
such as in Figures 11a and 11b. The reason is that com-
pared with higher permeability formations, lower formation
permeability is associated with a smaller hydraulic diffusion
rate; therefore, in lower permeability formations, the filtrate
could not arrive at positions far from the wellbore during
the same period of time. However, in the later stage of filter
cake formation, such as in Figures 11c and 11d, supercharg-
ing increased with decrease of formation permeability in all
domains. Figure 12 shows that supercharging in high-
permeability formations can quickly dissipate. With
decreasing formation permeability, the supercharging pres-
sure first increases and then decreases; however, a special

case should be noted that when the formation permeability
is lower enough, the increased pore pressure can hardly dis-
sipate. Therefore, it is necessary to pay more attention to
supercharging in low-permeability formations.

3.5 Formation porosity

Formation porosity is a parameter of the hydraulic diffusion
coefficient; changing formation porosity will change the fil-
trate diffusion rate in the formation and further result in
variation of supercharging. To investigate the influence of
formation porosity on supercharging, pore pressure varia-
tions near the wellbore were analyzed for different forma-
tion porosities of 0.05, 0.10, 0.15 and 0.20. The calculated
results of supercharging are shown in Figures 13 and 14.

Figure 13 shows that the supercharging pressure
decreased gradually along the radial direction and fell
quickly across the filter cake, and that the decreased pore
pressure caused by the filter cake increased with decreased
formation porosity when other parameters were constant.
Figure 14 shows that supercharging first increased and then
decreased over time. A lower formation porosity caused a
faster variation rate of supercharging, and the maximum
supercharging pressure would form more quickly in lower
porosity formations. The supercharging difference with dif-
ferent formation porosities increased early on but decreased
with continuous increase in time. Based on the definition of
the hydraulic diffusion coefficient, the hydraulic diffusion
rate decreases with increased porosity when other parame-
ters are constant; therefore, the supercharging in low-
porosity formations is greater than that in high-porosity
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Fig. 11. Supercharging with different formation permeabilities. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s; (d) t = 5000 s.
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formations during a short period of time after the start of
drilling. However, with increased time, the increased pore
pressure would quickly dissipate in low-porosity formations

because of the higher hydraulic diffusion rate, which
would cause slight supercharging in the vicinity of the
borehole.
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Fig. 12. Supercharging with different formation permeabilities. (a) rD = 1.03; (b) rD = 2; (c) rD = 5; (d) rD = 10.
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Fig. 13. Supercharging with different formation porosities. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s; (d) t = 5000 s.
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3.6 Filtrate viscosity

The filtrate viscosity directly affects the filtrate invasion
rate between the wellbore and formation. To elucidate the
supercharging variation rules with different filtrate viscosi-
ties, the supercharging pressure near the wellbore was
calculated considering filtrate viscosities of 0.001, 0.003,
0.005, and 0.007 Pa�s; the results are shown in Figures 15
and 16.

Figure 15 shows the supercharging variations with
filtrate viscosity. In the early stage following the start of
drilling, the supercharging pressure approaching the well-
bore rose with increasing filtrate viscosity, whereas it
decreased with distance away from the wellbore, as indi-
cated in Figures 15a and 15b. Over time, the supercharging
in all domains increased with increasing filtrate viscosity, as
shown in Figures 15c and 15d. The supercharging pressure
decreased gradually along the radial direction and fell
quickly across the filter cake, and the decreased pore pres-
sure caused by the filter cake increased over time. Figure 16
shows that supercharging first increased and then decreased
over time. Higher filtrate viscosity was associated with a
lower supercharging variation rate, and the maximum
supercharging pressure would form more quickly when the
filtrate had low viscosity. The reason for these variations
in supercharging is that the filtrate diffusion rate decreases
with increasing filtrate viscosity; therefore, a higher filtrate
viscosity will cause lower supercharging during the early
stage following the start of drilling. However, with increas-
ing time, supercharging increased with the growth of filtrate
viscosity because a higher filtrate viscosity causes a lower

hydraulic diffusion rate. Therefore, more severe supercharg-
ing could be found near the wellbore.

4 Discussions

In this section, supercharging near the wellbore is first com-
pared between four cases based on the proposed model,
including: (I) no filter cake on the wellbore wall, (II) filter
cake with time-dependent permeability and thickness on
the wellbore wall, (III) filter cake with time-dependent per-
meability and a constant thickness of 3 mm on the wellbore
wall, and (IV) a perfectly impermeable filter cake on the
wellbore wall. The calculated results are shown in Figure 17;
it should be noted that we divided the circle into four equal
parts, and each part represents one of these cases.

Figure 17 shows that the supercharging variations were
different in the four cases. With a perfectly impermeable fil-
ter cake on the wellbore wall, no supercharging appeared in
the vicinity of the borehole. That is because a perfectly
impermeable filter cake can completely isolate the diffusion
process between the wellbore and formation. Soon after the
start of drilling, the results with time-dependent filter cake
thickness and permeability, compared with those with con-
stant filter cake thickness, are closer to the results without
filter cake, such as in Figures 17a–17c. During this time, the
supercharging of cases I and II increased quickly. This was
because the filter cake thickness was still small at this early
time; thus, the filter cake’s capability of restricting fluid
seepage to the formation was limited. The supercharging
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Fig. 14. Supercharging with different formation porosities. (a) rD = 1.03; (b) rD = 2; (c) rD = 5; (d) rD = 10.
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in case III also increased in this early period of time; how-
ever, the rate of increase was smaller than those in cases I
and II because of the constant thickness assumed in case

III. With increasing time, the supercharging of case I grew
continuously and then became stable, whereas the super-
charging in cases II and III first increased and then
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Fig. 15. Supercharging with different filtrate viscosities. (a) t = 100 s; (b) t = 500 s; (c) t = 2000 s; (d) t = 5000 s.
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Fig. 16. Supercharging with different filtrate viscosities. (a) rD = 1.03; (b) rD = 2; (c) rD = 5; (d) rD = 10.
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decreased. Although the variation trends were the same for
the two cases, it should be noted that the supercharging of
case II was higher than that of case III. This was because
the capability of the filter cake with time-dependent thick-
ness and permeability to restrict fluid seepage was always
weaker than that of the filter cake with time-dependent
permeability and constant thickness. However, at a later
time, such as t = 50,000 s, the supercharging of case II
approached those with constant filter cake thickness
because the filter cake properties in both cases almost
reached the final equilibrium values.

The results analyzed above demonstrate that super-
charging near the wellbore is closely related to time-
dependent filter cake thickness and permeability, and
ignoring the presence of filter cake, or assuming that the
filter cake is impermeable or has a constant thickness, will
either underestimate or overestimate the supercharging
pressure. The pore pressure variations have a direct influ-
ence on effective stress near the wellbore, and result in vari-
ation of rock strength. In formation testing while drilling or
reservoir damage analysis, accurate inversion of formation

parameters depends on the real formation pressure and
invasion radius; however, supercharging will disturb the
original formation pressure, and if the supercharging pres-
sure is not considered or its prediction is not accurate
enough when formation parameter assessment is conducted,
the results may not be accurate, which may mislead indus-
try professionals into making inappropriate plans or
decisions. Therefore, it is necessary to consider the time-
dependent properties during filter cake growth in wellbore
stability evaluation, reservoir damage analysis, and forma-
tion testing while drilling.

Aside from the time-dependent properties of the filter
cake, the other main factors that influence supercharging
should also be given more attention. To reveal the degree
of influence of each factor on supercharging more intu-
itively, the influences of the formation permeability, forma-
tion porosity, initial filter cake permeability control ratio,
permeability attenuation coefficient, growth coefficient,
filter cake porosity, overbalance pressure, and filtrate
viscosity were analyzed based on the basic parameters in
Table 1. In the calculation process, the analysis object

Fig. 17. Supercharging comparison of four models at different times. (a) t = 10 s; (b) t = 50 s; (c) t = 100 s; (d) t = 500 s;
(e) t = 1000 s; (f) t = 2000 s; (g) t = 5000 s; (h) t = 10 000 s; (i) t = 50 000 s.
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was adjusted by 50% upward (+) and downward (�),
respectively, while the remaining parameters were
unchanged. The calculated results are shown in Figure 18.
The degrees of influence of these factors on supercharging
decreased in the following order: overbalance pressure >
formation permeability > formation porosity � filtrate
viscosity > filter cake permeability attenuation coefficient
> initial filter cake permeability control ratio > filter cake
growth coefficient > filter cake porosity.

Therefore, in drilling practice, to weaken supercharging
in the vicinity of the borehole, the following strategies could
be adopted: (1) minimizing the overbalance pressure during
drilling, or adopting underbalanced drilling or accurate
management of pressure drilling technology; (2) optimizing
the drilling fluid system, type, and materials so that a dense
and high-quality filter cake can form quickly during drilling
to isolate the wellbore and prevent mud filtrate invasion;
(3) ensuring precise operation at the rig site to avoid more
severe supercharging from human causes.

The supercharging pressure prediction model proposed
in this paper is focused on the influence of time-dependent
filter cake thickness and permeability. With this model,
supercharging in the vicinity of the borehole with different
conditions, including time-dependent permeability and
thickness of the filter cake, time-dependent filter cake per-
meability with constant thickness, a perfectly impermeable
filter cake, or absence of filter cake on the wellbore wall, can
be described. However, the model also has some limitations.
For example, the fluid considered in this paper is a single-
phase fluid, and supercharging under multi-phase flow
conditions was not considered. And the dynamic drilling
conditions were not coupled in the model to describe the
filter cake formation process. In addition, only the hydraulic
diffusion process is considered in the supercharging model;
the supercharging phenomenon of multi-physics coupling
is not involved. Thus, more complete modeling by consider-
ing such factors is required in future work.

5 Conclusion

In the present paper, an analytical model of supercharging
in the vicinity of the borehole has been proposed that con-
siders time-dependent properties of filter cake growth. The

influences of the main parameters on supercharging were
analyzed, and the supercharging phenomena of different
cases were also investigated. The main conclusions can be
drawn as follows:

1. Supercharging in the vicinity of the borehole is closely
related to time-dependent filter cake thickness and per-
meability; hence, overlooking the presence of the filter
cake or assuming impermeability or constant thickness
of the filter cake will lead to either underestimation or
overestimation of the supercharging pressure.

2. The supercharging pressure decreases gradually along
the radial direction and falls quickly across the filter
cake, while the decreased pore pressure caused by
the filter cake increases over time.

3. The degrees of influence of different parameters on
supercharging decrease in the following order: over-
balance pressure > formation permeability > forma-
tion porosity � filtrate viscosity > filter cake
permeability attenuation coefficient > initial filter
cake permeability control ratio > filter cake growth
coefficient > filter cake porosity.

4. Supercharging can quickly dissipate in high-permeabil-
ity formations; however, dissipation is more difficult in
low-permeability formations, and severe supercharging
near the wellbore will appear in such formations. A fas-
ter growth rate of dense filter cake, a lower filtrate vis-
cosity, a smaller overbalance pressure, and precise
operation are required to weaken supercharging.
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