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a b s t r a c t

To address the modeling fragmentation and predictive deviation caused by the conventional “single- 
mechanism, weakly coupled, additive response” approach in formation damage research, this study 
proposes an integrated modeling framework for multi-mechanism coupling throughout the entire 
drilling and completion process. Five dominant damage mechanisms are unified  into a multi-physics 
formulation featuring a dual solid–liquid module architecture and a shared-state coupling mecha
nism. A structural-state integrated damage function (SSIDF) is introduced to establish a continuous 
mapping from microscopic mechanism evolution to macroscopic permeability degradation. A feedback 
network encompassing scaling, clay swelling, and water blocking is further developed, achieving bidi
rectional dynamic coupling among reaction kinetics, interfacial transport, and saturation fields,  and 
representing one of the most systematic coupling schemes currently known. The model is solved via a 
space-time multi-scale optimization strategy, ensuring strong numerical stability and scalability. Field 
validation demonstrates a prediction accuracy of 98.6%, representing an improvement of over 8% 
compared to traditional additive models. The model is particularly applicable to unconventional res
ervoirs such as deepwater formations, where multi-mechanism damage evolves rapidly and conven
tional additive models fail to capture dynamic coupling behavior.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

“Energy independence” is both a guarantee of national strength 
and a cornerstone of security (Zou et al., 2020). Since the United 
States first  proposed the concept of “energy independence” in 
1973 (Abelson, 1973), it has focused on unconventional resources 
such as shale oil and gas, supported by complementary strategies, 
fiscal and legal frameworks. As a result, by 2018 the country ach
ieved a net natural gas export volume of 1085 ×108 m3. In contrast, 
Chinaʼs resource endowment and national conditions make it 
unsuitable to simply replicate the U.S. energy development model. 
Instead, China must rely on scientific planning and technological 

innovation to ensure that over 90% of domestic energy consump
tion is met by domestic production, thereby achieving the strategic 
goal of “energy independence”.

The development of electronic computer technology represents 
one of the hallmarks of the Third Technological Revolution. Within 
the upstream sector of the petroleum industry, the informatization 
and digitalization of oil and gas exploration and development 
directly determine drilling and completion efficiency, drilling 
encounter rates, and recovery factors. Numerical simulation 
research tailored to different blocks and development stages has 
gained broad international recognition and has become both a 
research hotspot and a frontier direction (Wang et al., 2023; Zhou 
et al., 2023). Drilling and completion are sequential yet interre
lated steps in the exploitation of hydrocarbon reservoirs. 
Geological-engineering integration is thus an inevitable pathway 
for the efficient  development of complex reservoirs, and 
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integrated numerical simulation technology provides essential 
technical support.

As China extends its exploration and development activities 
into geologically complex reservoirs (Wen et al., 2023), multiple 
internal and external factors across drilling, completion, work
over, fracturing, production, water injection, and polymer 
flooding stages disturb the original physical and chemical equi
librium of reservoirs. This leads to permeability reduction in both 
near-wellbore and far-field regions, blocking fluid flow and ulti
mately causing reservoir damage. Such damage, driven by 
different factors, results in significant  economic losses and hy
drocarbon losses, posing constraints on efficient  reservoir 
exploration and development. Accurate diagnosis of the propor
tion of different types of reservoir damage, their spatial distri
bution, and temporal evolution can precisely guide drilling and 
completion design and the optimization of production 
enhancement measures. This, in turn, enhances the effectiveness 
of reservoir damage prevention and control, and in some cases, 
allows damage to be fully avoided. At present, reservoir damage 
diagnosis methods mainly include field-based  diagnosis, core 
flooding experiments, numerical simulation (Bui et al., 2023; Cao 
et al., 2019; Cho et al., 2021; Ding, 2011), and machine learning 
approaches (Sheng and Jiang, 2023). Among these, numerical 
simulation can comprehensively account for reservoir damage 
mechanisms and influencing  factors, dynamically simulate 
damage, and reduce the need for extensive physical-chemical 
experiments (Davarpanah et al., 2020). Compared with tradi
tional field-based  and core flooding  methods, numerical simu
lation saves substantial time and costs (Jiang et al., 2022); 
compared with data-driven machine learning approaches, it 
eliminates dependence on historical data.

Over the past decade, numerous scholars have employed 
advanced experimental equipment and observation methods 
(Kargozarfard et al., 2023)—such as nuclear magnetic resonance 
(NMR) (Wu et al., 2019), tracer technology, X-ray scanning (Xiong 
et al., 2022), mass spectrometry (Rezaeizadeh et al., 2021), and 
neutron scattering—to investigate single-factor damage at the 
pore scale (also referred to as small, meso-, or micro-scale). These 
studies have provided relatively clear insights into the mecha
nisms and characteristics of single-factor reservoir damage. 
Concurrently, physical simulation experiments have examined the 
mechanisms of inorganic scaling, water blockage (Li et al., 2022), 
and clay swelling (Han et al., 2020; Ngata et al., 2023). However, 
the causes of reservoir damage are highly complex and diverse. 
During production, the reservoir rockʼs pore structure, wettability, 
hydrodynamic field,  temperature-pressure field,  and mineralog
ical composition continually evolve, leading to time-dependent 
variations in damage mechanisms. Damage often spans long cy
cles and wide ranges, exhibiting both complexity and super
imposed effects. In general, although previous studies have 
summarized qualitative understandings of single-factor reservoir 
damage mechanisms from experimental simulations, there re
mains a lack of systematic research into coupled multi-factor 
mechanisms and corresponding quantitative mathematical 
models.

Different types of reservoir damage, as distinct physicochem
ical processes, may or may not be coupled depending on the 
similarity of their underlying mechanisms. For example, the 
spatiotemporal characteristics of solid invasion and fine  particle 
migration are comparable (Cui et al., 2022; Li et al., 2023), while 
those of water blockage (Li et al., 2022), inorganic scaling, and clay 
swelling are also comparable (Ngata et al., 2023). Therefore, 
establishing quantitative models that couple reservoir conditions, 
invading fluid  properties, and reservoir-fluid  compatibility is of 
critical importance. Such models must accurately describe the 

quantitative relationships among fluid  viscosity, pressure differ
entials, clay mineral content, rock plasticity coefficients,  water 
saturation distribution, and permeability. Doing so is vital for 
elucidating the interactions among multiple damage mechanisms, 
identifying controlling factors, and clarifying the distribution and 
evolution patterns of reservoir damage. These insights bear 
directly on the assessment of Chinaʼs hydrocarbon potential, 
recoverable reserves, production capacity, and the evaluation of 
reservoir “sweet spots”.

Building on the multiple physicochemical processes that res
ervoirs undergo during drilling and completion, and drawing from 
the authors’ prior systematic reviews and quantitative modeling of 
representative damage mechanisms (Jiang et al., 2024; Jin et al., 
2021; Xu and Jiang, 2018; Yang et al., 2016; Elimelech et al., 
1995; Khilar and Fogler, 1998; Oddo and Tomson, 1994; Civan, 
2007; Xu, 2019), this study addresses the limitations of tradi
tional models in representing multi-mechanism co-evolution. We 
construct a coupled reservoir damage model tailored for inte
grated drilling–completion conditions, comprehensively covering 
typical damage processes such as solid particle migration and 
deposition, solute reactions and adsorption in the liquid phase, 
and water–rock interfacial interactions. The model is grounded in 
mass conservation, Darcy flow, and multicomponent transport 
equations. It is modularized into solid-phase and liquid-phase 
mechanisms, with permeability, porosity, and water saturation 
serving as shared state variables to enable cross-mechanism field 
coupling. In the solid-phase module, solid invasion and particle 
migration are coupled through permeability perturbation to 
represent clogging and redistribution behaviors. In the liquid- 
phase module, a joint “scaling–swelling–water blockage” model 
is developed, in which ion concentration fields  drive dynamic 
adjustment of membrane exchange coefficients, thereby capturing 
multiphysical feedback pathways.

On this basis, a unified  structural-state integrated damage 
function (SSIDF) is further proposed. By treating pore structure 
evolution as a unifying mediator, the SSIDF maps multi- 
mechanism outputs into unified  permeability evolution and 
macroscopic damage indices. This breaks the conventional para
digm of “mechanism separation and additive responses”, and 
instead establishes an integrated pathway linking mechanism- 
driven processes, structural responses, and overall damage char
acterization. For numerical implementation, an explicit-weak 
iterative strategy optimized for modular coupling is adopted, 
effectively balancing physical completeness of mechanisms with 
computational complexity and convergence costs. Under multi- 
scale spatiotemporal conditions, the model demonstrates strong 
stability and scalability, offering a unified theoretical framework 
and modeling tool for quantitative prediction of reservoir damage, 
analysis of synergistic mechanisms, and identification of control
ling responses (Fig. 1).

2. Mathematical model of single-factor reservoir damage

Each single-mechanism model developed in this section is 
based on several common physical assumptions to ensure 
tractability and numerical stability. The reservoir matrix is 
considered homogeneous and isotropic, with slightly 
compressible rock and fluid  phases. Mechanical deformation 
and fracture propagation are neglected, as the study focuses on 
physicochemical formation damage rather than structural fail
ure. These simplifications  are consistent with near-wellbore 
conditions where permeability evolution is dominated by 
multiphase transport and reactive processes. Additional 
mechanism-specific  assumptions are stated within each sub
section where relevant.
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2.1. Governing equations of solid-phase damage

Solid-phase damage is governed by particle invasion and 
migration during drilling and completion. The process is described 
by a two-phase mass-balance model (Fig. 2) as formulated below.

The pressure gradient drives the solid–liquid flow  and is 
described by Eqs. (1) and (2). 

∇2P(r; t) =
φμct

K(r; t)
∂P(r; t)

∂t
(1) 

v(r; t) = −
τK(r; t)

μφ
∇P(r; t) (2) 

The mass-balance relations for mobile and deposited particles 
are summarized in Eqs. (3–6). 

∂
∂t

(ρφw(r; t))+∇(ρu(r; t) ⋅ w(r; t)+ j(r; t)) = − _m (3) 

j(r; t)= − φρLD∇w(r; t) (4) 

D(r; t)=αv(r; t) (5) 

_m=
∂m(r; t)

∂t
= k(r; t)(ρu(r; t) ⋅ w(r; t)+ j(r; t)) (6) 

In Eq. (6), k is the filtration coefficient, which has a relationship 
with temperature as expressed in Eq. (7). Elevated temperatures 
intensify the motion of solid particles, making them less likely to 
deposit or adsorb onto the internal surfaces of porous media. 
Therefore, k is negatively correlated with temperature. 

k(r; t)= k0

(

1 −
Cd(r; t)
Cdmax

)mk

e
Ak

(
1

T− Tik
−

1
T− Tck

)

(7) 

Eq. (7) models the filtration coefficient k(r; t) as the product of a 
baseline term and two physically motivated modifiers.  k0 is the 
reference filtration  coefficient  under low-temperature, low- 

deposition conditions. The factor 
(

1 − Cd
Cdmax

)mk 

introduces a 

saturation/self-limiting effect: as the local deposited-particle vol
ume fraction Cd approaches the maximum packing Cdmax, the 
effective filtration  pathway is reduced and k decreases; the 
exponent mk controls the curvature of this decline based on pore- 
scale topology. The exponential term captures the temperature 
modulation of particle adhesion/retention through a shifted 
Arrhenius-type dependence, where Ak is a temperature-sensitivity 
factor and (Tik, Tck) are near-wellbore and reservoir reference 
temperatures, respectively. For Ak > 0, higher local temperatures 
(relative to the references) weaken solid–solid/solid–fluid  adhe
sion and hence reduce k, consistent with core-flood observations.

Fig. 1. Graphical abstract.
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From the structure of the deposition Eqs. (6) and (7), it can be 
seen that the magnitude of k0 has a significant  effect on the 
deposition rate (Xu and Jiang, 2018). The value of k0 is determined 
by a set of dimensionless numbers, whereby the abundant physi
cochemical interactions between particles and the porous medium 
are introduced into the model through k0 (Xu, 2019), as expressed 
in Eq. (8). In Eq. (8), ηs denotes the ideal particle capture efficiency 
under the dominance of physical forces, without considering 
adhesion effects. Therefore, Eq. (8) incorporates a correction factor 
to adjust for adhesion efficiency, taking into account both 
particle–particle (C–C) interactions and particle–medium in
teractions. In Eq. (8), θ represents the corrected porosity. Since 
porosity φ is a three-dimensional volumetric ratio, while many 
geometric parameters (such as specific surface area per unit vol
ume) are related to particle linear scale, taking the cube root of 
1− φ (the solid volume fraction) effectively converts a “volume 
ratio” into a “linear ratio”, thereby enhancing the geometric ra
tionality of the model. N(…) represents a set of dimensionless 
numbers, with their expressions listed in Table 1. 

k0 =
3
2
(1 − φ)

Dg
β1η (8) 

η = ηse
lnαC− C+lnαB− T

2 

Velocity/l.u.

0 0.0003 0.0006 0.0009 0.0011 0.0014 0.0017 0.0020

Porosity of porous media 0.6

Porosity of porous media 0.7

Porosity of porous media 0.8

Fig. 2. Effect of particle migration and deposition on fluid flow under different porosities (Jin et al., 2021).

Table 1 
Dimensionless parameters including solid-phase deposition driving factors and 
their expressions.

Parameter name Expression

NR (radius number) Dp/Dg

NPe (peclet number) uDg/D∞

NA (attraction number) H/(12πμ R2
p u)

NDL (double-layer number) κERp

NE1 (first electrostatic force number) υ0Rp(ζ2
p +ζ2

g)/(4kBT)
NE2 (second electrostatic force number) 2(ζp/ζg)[1+(ζp/ζg)2]
NG (gravity number) 2 R2

p (ρP− ρL)g/(9μu)
NLo (London force number) H/(6kBT)
Nvan (Van der Waals number) H/(kBT)
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ηs =2:4A1=3
s N− 0:081

R N− 0:715
Pe N0:052

van + 0:55AsN1:675
R N0:125

A

+ 0:22N− 0:24
R N1:11

G N0:053
van 

As =2
(

1 − θ5
)/(

2 − 3θ+3θ5 − 2θ6
)
; θ=(1 − φ)

1
3 

αB− T =0:002527N1:352
DL N− 0:3121

E1 N3:5111
E2 N0:7031

Lo 

The permeability damage rate and skin factor are defined  by 
Eqs. (9) and (10). 

Kd(r; t) =
K0(r)
K(r; t)

=

(

1 −
Cd(r; t)
Cdmax

)mK

e
Ak

(
1

T− Tik
−

1
T− Tck

)

(9) 

S(r; t) =
(

Kd(r; t)
− 1

− 1
)

ln
(

rs

rw

)

(10) 

2.2. Mechanism-oriented modeling of solid-phase damage and 
specification of initial and boundary conditions

2.2.1. Exogenous solid particle invasion
Considering the case where the volume concentration of 

deposited particles Cd≈0, and the instantaneous porosity 
φ = φ0− Cd, ∂φ = 0, by substituting the relationship between the 
volume concentration of mobile particles and their mass fraction 
(w(r; t) =

ρP
ρL

C(r; t)), and the relationship between Darcy apparent 

velocity and mixture phase velocity (u(r; t) =
φv(r;t)

τ ), into Eqs. (3) 
and (6), one can obtain the governing equation set for mobile 
particle concentration (Eq. (11)) and the governing equation set for 
deposited particle concentration (Eq. (12)). Eqs. (1, 2, 9–12) 
together constitute the governing system for exogenous solid 
particle invasion damage. The corresponding initial and boundary 
conditions can be expressed as in Eq. (13). 

∂C(r; t)
∂t

− αv(r; t)∇2C(r; t)+
v(r; t)

τ

{

1 −

[

1 −
ρP
ρL

C(r; t)
]

kατ
}

∇C(r; t) =
(

ρP
ρL

C(r; t) − 1
)

C(r; t)

(11) 

∂Cd(r; t)
∂t

=
vkϕ

τ
[C(r; t) − ατ∇C(r; t)] (12) 

Eqs. (1, 2, 9–12) constitute the governing equations for con
trolling formation damage caused by the intrusion of external solid 

phases, while the initial and boundary conditions can be expressed 
in Eq. (13). 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

C(r; t = 0) = Cd(r; t = 0) = 0
Γin :=

{
r ∈ ℝ3

⃒
⃒
⃒‖r‖ = rw

}

Γout :=
{

r ∈ ℝ3
⃒
⃒
⃒‖r‖ = rs

}

C(r; t) = β*C0(r; t); r ∈ Γin; t > 0
C(r; t) = 0; r ∈ Γout; t > 0

P(r; t) = Pin; r ∈ Γin; t > 0
P(r; t) = Pout; r ∈ Γout; t > 0

(13) 

It should be emphasized that the inner boundary condition of C 
is not directly defined by the solid-phase concentration C0 of the 
invading fluid.  Instead, the concept of particle “transmission 
probability” is introduced, accounting for the constraint imposed 
by the matching between particle size and pore throat size. Since 
the solid phase in drilling fluids exhibits a particle size distribu
tion, and reservoir pores also possess a mean pore radius and 
distribution characteristics (Eq. (14)), the mean pore radius can be 

expressed as r = eμs+
σ2

s
2 , with a standard deviation of SD =

r
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
eσ2

s − 1
√

. Only particles with radii smaller than the corre
sponding pore radius can penetrate into the reservoir. Therefore, 
only a fraction β(ro) of particles in C0 can enter the formation, 
where these particles have radii smaller than ro. The parameter β 
can be calculated by Eq. (15). 

N(r; μs; σs) =
1

σs
̅̅̅̅̅̅
2π

√ e
−
(lnr− μs)

2

2σs
2 (14) 

μs = ln

⎡

⎢
⎢
⎢
⎢
⎣

r
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
SD
r

)2
√

⎤

⎥
⎥
⎥
⎥
⎦

σs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ln

[

1 +

(
SD
r

)2
]√

√
√
√

Table 2 
Liquid-phase damage mechanisms.

Damage type Characteristic Ri(C) Main damage mechanism

Inorganic scaling Reaction-kinetics type: ki C
βi
i C

βj

j Formation of solid-phase deposits blocking pore channels
Clay swelling Ion diffusion and exchange Pore-throat closure
Water blocking effect Includes water saturation gradient term Reduction of relative permeability

αC− C=0:024N0:969
DL N− 0:423

E1 N2:88
E2 N1:5

Lo +3:176A1=3
s N− 0:081

R N− 0:715
Pe N2:678

Lo +

0:222AsN3:041
R N− 0:514

Pe N0:125
Lo +N− 0:24

R N1:11
G NLo 
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β(ro) = 1 −
1
̅̅̅
π

√

∫∞

−
lnro − μs

σs
̅̅̅
2

√

e− x2
dx (15) 

For instance, when a formation has r = 6 μm and SD = 6 μm, the 
transmission probability for particles with a radius of 4 μm is 
5.08%. If SD decreases to 3 μm, the probability rises to 46.15%. This 
result reflects the degree of dispersion in pore radii relative to the 
mean pore size. A smaller SD indicates that pore sizes are more 
narrowly distributed around the mean, implying a more homo
geneous reservoir structure. Under such conditions, most pore 
radii exceed the mean radius, facilitating the entry of small par
ticles. Conversely, a larger SD corresponds to a broader pore size 
distribution, lowering the transmission probability for particles 
smaller than the mean pore radius. For larger particles, the trend is 
reversed: in formations with a small SD, their entry probability is 
low, while a larger SD allows more large pores, increasing the 
likelihood of particle penetration. Thus, pore size distribution 
heterogeneity exerts opposite effects on the transmission behavior 
of small and large particles. Furthermore, the solid-phase particles 
within the wellbore themselves follow a particle size distribution. 
Therefore, when calculating the transmission probability, both 
pore throat radii and particle size distributions must be considered 
simultaneously. If the solid-phase distribution of the invading fluid 
is defined  as Ns(rso; μso, σso), the new interception probability is 
given by Eq. (16), which is then substituted into the boundary 
condition to form Eq. (13). 

β* =1 −
1
̅̅̅
π

√

∫∞

0

N(rso; μso; σso)

∫∞

−
ln ro− μs

σs
̅̅̅
2

√

e− x2
dxdrso (16) 

2.2.2. Particle migration
The structural framework of the particle migration model is 

similar to that of solid-phase invasion, except that the particle 
sources originate from within the reservoir and their generation 
depends on flow intensity and the critical velocity. As illustrated in 
Fig. 3, under the combined effects of fluid  scouring and in
teractions with the rock surface, particles are subjected to drag 
force (Fd), gravity (Fg), electrostatic force (Fe), and lift force (Fl). The 

critical velocity corresponds to the fluid  velocity at which these 
forces and torques reach equilibrium.

Based on torque balance (Xu and Jiang, 2018) and DLVO theory 
(Yang et al., 2016; Elimelech et al., 1995; Khilar and Fogler, 1998), 
the implicit equation for the critical velocity vc can be derived (Eq. 
(17)). As indicated by Eq. (17), the magnitude of the critical velocity 
is jointly influenced  by the mechanical, physical, and chemical 
properties of both the particles and the porous medium. When the 
critical velocity is known, primary particles can be mobilized only 
if the local fluid velocity in the reservoir exceeds this threshold, 
thereby becoming a source of migrating material. Considering that 
fluid  velocity is relatively high near the wellbore, the particle 
mobilization region is mainly distributed within an annular zone 
surrounding the borehole. 

vc =
rc

3ωπμr2
s

⋅

4
3 π(ρs − ρL)r

3
s − χ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

27ρμ
(

r2
s vc
rc

)3
√

− ∇V(h)

⎡

⎢
⎢
⎢
⎢
⎣

⎛

⎜
⎜
⎜
⎜
⎝

4Kr2
s

4
3 π(ρs − ρL)r3

s − χ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

27ρμ

(
r2
s vc
rc

)3
√

− ∇V(h)

⎞

⎟
⎟
⎟
⎟
⎠

2
3

− 1

⎤

⎥
⎥
⎥
⎥
⎦

1
2

(17) 

Next, the release rate of particles from the pore matrix, denoted 
as qs is considered. The functional form of qs varies with reservoir 
conditions and drilling/completion processes, and its exact form is 
almost impossible to determine. Nevertheless, qs is inherently a 
function of both time and space. Drawing on two physical intui
tions—namely, “particle mobilization occurs within the annular 
region near the wellbore” and “the release duration of particles 
must be finite”—a spatiotemporal distribution function can be 
constructed, as shown in Eq. (18). As illustrated in Fig. 4, Eq. (18)
characterizes a typical kinetic behavior that is “concentrated at 
early times, spatially enhanced near the wellbore, and exponen
tially decaying with time.” 

qs(r; t)=
{

R0⋅e− β2(r− rw)⋅e− α1t; v ≥ vc
0; v < vc

(18) 

Eq. (18) further indicates that when the fluid velocity exceeds 
the critical velocity, particles are mobilized and transported with 
the flowing fluid. The mobilized particles increase the mass of the 
fluid–solid mixture; however, since the deposition equation is 
independent of the particle source location, it remains unchanged. 
By introducing qs into the right-hand side of Eq. (3), the governing 
equation for the concentration of migrating particles in the case of 
migration-induced damage (Eq. (19)) can be obtained. Together 
with Eqs. (1, 2, 9, 10, 12, 18 and 19), this forms the system of control 
equations for particle migration damage. At both the wellbore and 
reservoir boundaries, C=0, while the remaining initial and 
boundary conditions remain unchanged. 

∂C(r;t)
∂t

− αv(r;t)∇2C(r;t)+
v(r;t)

τ

{

1−
[

1−
ρP
ρL

C(r;t)
]

kατ
}

∇C(r;t)=

[
ρP
ρL

C(r;t)− 1
][

k(r;t)v(r;t)
τ

C(r;t)−
qs(r;t)

ρPφ

]

(19) 

2.3. Unified modeling framework for liquid-phase damage

Liquid-phase damage is widely encountered during drilling and 
completion operations, primarily involving three mechanisms: 
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Fig. 3. Force diagram of particle mobilization on the pore surface in porous media.
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water-blocking effect, clay mineral swelling, and inorganic scale 
precipitation. Although their causes differ, they can all essentially 
be attributed to the diffusion and reaction of invading liquid 
phases within the formation, which subsequently alters pore 
structure and reduces permeability. Therefore, differentiated 
modeling approaches can be established under a unified  frame
work of mass conservation and flow  dynamics, enhancing 
descriptive consistency and facilitating subsequent coupled 
simulations.

To characterize the transport and reaction of liquid phases in 
porous media, the following system of governing equations is 
adopted: (1) Solute/solution transport equation (e.g., Eq. (20)); (2) 
Flow dynamics equation (Eqs. (1) and (21)); (3) Pore structure 
evolution equation (see Section 2.4). 

φ
∂Ci

∂t
− ∇ ⋅ (D∇Ci)+∇ ⋅ (uCi)= − Ri(C) (20) 

u(r; t)= −
K(r; t)

μ
∇P(r; t) (21) 

Under this unified  system of governing equations, the key 
distinctions among different liquid-phase damage mechanisms 
primarily manifest in the source/sink term Ri(C) and the mode of 
pore blockage (see Table 2).

2.4. Mechanism-oriented modeling of liquid-phase damage

2.4.1. Inorganic scale
In global oilfields, the most common types of inorganic scale 

primarily include calcium, strontium, and barium sulfate pre
cipitates, as well as calcium carbonate scale. Reservoir damage 
caused by inorganic scaling is mainly associated with three key 
issues: (1) whether precipitation reactions occur; (2) the extent 
and rate of such reactions; and (3) the spatial distribution 
characteristics of precipitates within the reservoir. Current 
studies have largely concentrated on the thermodynamic con
ditions under which these reactions occur, whereas in
vestigations into their kinetic processes and spatial evolution 
remain relatively limited. To address these issues, this study 
establishes a set of coupled mechanical–chemical differential 
equations aimed at revealing the spatiotemporal evolution of 
scale-induced damage.

Under specific temperature, pressure, and ionic concentration 
conditions, the occurrence of a given precipitation reaction in 
reservoir fluids can generally be determined using the saturation 
index (Is). According to the Tomson-Oddo criterion (Oddo and 
Tomson, 1994), Is can be expressed as Eq. (22). 

Is(P; T; Sion)= lg
[

[Cat][An]
Kc(P; T; Sion)

]

(22) 

When the saturation index Is ≤ 0 at a given moment, the system 
is either undersaturated or saturated, and precipitation reactions 
cannot occur. In this case, the governing equation (Eq. (20)) ex
cludes the precipitation term and describes only the physical 
transport of solutes. Precipitation reactions are thermodynami
cally feasible only when Is > 0, indicating that the system has 
reached a supersaturated state. At this point, Eq. (20) must 
incorporate a reaction source term to simulate precipitation 
behavior. Therefore, at each time step, the model must dynami
cally evaluate the local saturation index to determine whether the 
precipitation term should be activated, as expressed in Eq. (23). 

ki =

{
0; IS ≤ 0
ki0; IS > 0 (23) 

The parameter ki0 denotes the reaction rate constant for the i-th 
ionic precipitation reaction, and its value can be referenced from 
mineral salt-forming reactions. If the reaction occurs, the cumu
lative amount of precipitation within a time step dt is expressed in 
Eq. (24). 

d(r; t+dt) =d(r; t) +
1
φ
∑

i

ωiΔCi(r; t) (24) 

ΔC(r; t) represents the variation in the concentration of the i-th 
ion within dt due to the reaction. The relationship can be expressed 

as: ωiΔC(r;t) = kiC
βi
i C

βj

j dt. Accordingly, Eq. (20) is specialized into Eq. 

(25). When calculating permeability damage, the cumulative con
centrations of various precipitates must be multiplied by their 
respective molar masses and divided by their corresponding den
sities, thereby converting them into Cd. This value is then applied to 
Eq. (9) to compute permeability. Collectively, Eqs. (9, 21–25) 
constitute the spatiotemporal evolution model for inorganic scale 
damage. The initial condition is defined as the ionic concentration Ci 

within the reservoir, while the boundary condition is defined as the 
ionic concentration Ci in the invading fluid. 

φ
∂Ci

∂t
=∇ ⋅ (D∇Ci) − ∇ ⋅ (uCi) − kiC

βi
i C

βj

j (25) 

2.4.2. Clay swelling
The clay swelling damage process can be divided into two 

stages: The first stage involves the diffusion of the aqueous phase 
into the solid matrix after it contacts the pore rock surfaces, 

Fig. 4. Spatiotemporal distribution of particle release rate.
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penetrating into the interlayer of the clay structure and inducing 
volumetric expansion (as shown in Fig. 5). In the second stage, as 
the driving force for fluid  flow  weakens and the interfacial 
adsorption approaches saturation, the system gradually reaches a 
quasi-steady state, and the swelling rate significantly  decreases. 
The first stage can be characterized using a diffusion model driven 
by the concentration gradient, while the second stage can be 
indirectly represented by the asymptotic behavior of the model 
solution over time.

According to Fickʼs law of diffusion, an equation can be estab
lished for the diffusion of water molecules into the pore matrix (Eq. 
(26)). For this type of diffusion-interface reaction problem, existing 
studies often employ Laplace transform methods to solve the 
equation. While this approach yields a formal analytical expression, 
its inverse transform typically involves non-elementary functions, 
making it difficult to obtain a clear, explicit solution. In this study, 
based on the classical diffusion solution provided by Civan (2007), a 
similarity variable transformation method is used to derive the 
diffusion-boundary reaction problem (see Appendix A). This deri
vation systematically reconstructs the solution formation process 
and clarifies  the influence  of boundary control terms on the 
analytical structure. This derivation not only validates the reason
ableness of the solution but also provides a foundation for subse
quent parameter analysis and model verification. 

∂c
∂t

=D
∂2c
∂z2;0 ≤ z < ∞; t ≥ 0 (26) 

c(t=0)= c0 

_S≡ − D
∂c
∂z

=ψ(c1 − c)|z=0; lim
z→∞

c(z; t)= c0 

Under actual reservoir conditions, the water content in the 
pores is always greater than or equal to the water content in the 
solid matrix of the rock. Using the analytical solution (Eq. (27)) of 
Eq. (26) and introducing boundary constraints to represent the 
porosity change rate caused by clay swelling, as shown in Eq. (28), 
the clay swelling damage is not caused by particle deposition, and 

thus the damage rate is calculated using Eq. (29). Eqs. (9, 20, 21, 28 
and 29) form the system of governing equations for clay swelling 
damage. The initial conditions are given by φ(r;t = 0) = φ0 and c1(r;
t = 0) = φ0Swc, and the boundary condition is c1(r; t) = φ0, where r 
∈Γin (the rock near the wellbore is fully saturated with water). 

c(z; t) = c0 +
2
̅̅̅
π

√ (c1 − c0)⋅
∫∞

z
2
̅̅̅̅
Dt

√ +
ψ
̅̅
t

√

̅̅̅
D

√

e− x2
dx (27) 

−
∂φ
∂t

= λ _S (28) 

_S=

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

2
̅̅̅
π

√ (c1 − c0)ψe
ψ2

D t
∫∞

̅̅̅̅̅̅
ψ2t
D

√
e− x2

dx; c1 > c0

0; c1 ≤ c0 

Kd(r; t) =
[

φ(r; t)
φ0

]mK

(29) 

2.4.3. Water blocking
Water blocking damage is closely related to the topological 

parameters of porous media. In this study, a fractal rock model and 
linear Hagen-Poiseuille viscous flow  are used to establish the 
water blocking damage model. The fractal dimension is calculated 
using Eq. (30). 

Dfrac =3 −
ln(1 − φ)

ln(rmin) − ln(rmax)
(30) 

The water phase saturation can be calculated using Eq. (31). 
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Fig. 5. Illustration of water-phase seepage and water molecule permeation at the solid–liquid interface in porous media.
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Sw =
c1
φ

(31) 

Based on the continuity of the pore throat distribution in a 
multipore medium, the linear Hagen-Poiseuille viscous flow  is 
modified  into an integral form (Eq. (32)). From this, the perme
ability damage rate can be calculated (Eq. (33)). 

K(r; t)=
φ(r; t)

8τ2

∑

i

ξir
2
i ⇒K(r; t) =

φ(r; t)
8τ2

∫

r2dξ (32) 

dξ=

(
3 − Dfrac

)
r2− Dfrac

r3− Dfrac
max

[

1 −

(
rmin
rmax

)3− Dfrac
]dr 

Eqs. (9) 20, 21,and 33) constitute the spatiotemporal evolution 
equation for water blocking damage. The initial condition for ve
locity is u=0, and the initial water phase saturation is Sw = Swc. The 
pressure boundary condition is consistent with Eq. (13), with Sw (r;
t) = 1, for r→ ∈Γin (near the wellbore, where the rock is saturated 
with water).

3. Multimechanism coupled mathematical model of 
reservoir damage

Before constructing the coupled framework, it is necessary to 
clarify how the five single-mechanism models developed in Sec
tion 2 are integrated into a unified system. All individual mecha
nisms—solid invasion, particle migration, inorganic scaling, clay 
swelling, and water blocking—share a common mathematical 
foundation based on mass conservation, Darcy flow, and multi
component transport equations.

The coupled SSIDF framework inherits the fundamental as
sumptions of the single-mechanism formulations, including 
isotropic matrix properties, slight compressibility of rock and 
fluids, and the exclusion of mechanical deformation. To achieve 
numerical stability, two additional simplifications  are adopted: 
(1) weak coupling between the solid-phase mechanisms (solid 
invasion and particle migration), and (2) strong bidirectional 
coupling among liquid-phase mechanisms (scaling, swelling, 
and water blocking). These hierarchical simplifications  balance 
physical realism with computational tractability and are suit
able for typical near-wellbore conditions dominated by physi
cochemical interactions rather than large-scale mechanical 
failure.

Their coupling is achieved through a set of shared state vari
ables, primarily permeability (K), porosity (φ), and water satura
tion (Sw), which serve as the bridges linking local physicochemical 
processes to global permeability evolution. On this basis, the 
integration proceeds hierarchically:

(1) the two solid-phase processes are first weakly coupled via 
permeability perturbation to represent mutual restriction 
during particle deposition and migration;

(2) the three liquid-phase processes are then strongly coupled 
through feedback loops that dynamically exchange hydro
dynamic, chemical, and structural variables;

(3) finally, the SSIDF consolidates all mechanisms into a unified 
macroscopic representation.

This hierarchical integration ensures both physical consistency 
and computational tractability, forming the foundation of the 
coupled framework described below (Fig. 6).

3.1. Coupling method for solid-phase damage

To gain a deeper understanding of the interactions among 
multiple damage mechanisms in the near-wellbore region during 

drilling, a numerical coupling model between solid-phase invasion 
and particle migration is established in this study. This model 
preserves the original physical processes and numerical schemes 
of each mechanism, while introducing coupling control through a 
structured parameter-transfer approach, thereby enabling dy
namic simulation of the interactions among damage processes.

A weak coupling strategy is adopted for the solid-phase 
coupling model. The solid-phase invasion module employs parti
cle screening and adsorption–deposition theory to calculate the 
dimensionless permeability distribution at different time steps. To 
reduce computational complexity and avoid mismatches in 
spatiotemporal dimensions, an average influence factor is defined 
(Eq. (34)). This factor retains the spatial distribution characteristics 
but takes the arithmetic mean in the temporal dimension, and is 
then introduced as an input parameter for the particle migration 
module. 

Solid invasion

Particle migration

Weak coupling

Inorganic scaling Clay swelling Water blocking

(Strong bidirectional coupling via feedback)

Shared state variables: (ϕ, Sw, K )

Structural-state integrated damage function
(SSIDF)

Fig. 6. Coupling relationships among five single-mechanism models in the SSIDF 
framework.

Kd(r;t)=
1−
(

rmin
rmax

)5− Dfrac

1−
(

rmin
rmax

)3− Dfrac
⋅

1−

[

1−
(

rmin
rmax

)3− Dfrac
]

Sw −

(
rmin
rmax

)3− Dfrac

1−

{[

1−
(

rmin
rmax

)3− Dfrac
]

Sw+

(
rmin
rmax

)3− Dfrac
}5− Dfrac

3− Dfrac

(33) 
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K
G
d (r)=

1
Nt

∑Ni

i=1

KG
d (r; ti) (34) 

The particle migration model is solved using an explicit dif
ference scheme for the processes of particle advection, dispersion, 
and deposition. With the introduction of coupling, the boundary 
condition for particle injection concentration in the original model 
is governed by Eq. (35). 

C(r; t)= β*C0(r; t) ⋅ ϕ
(

K
G
d (r)

)
; r ∈ Γin; t > 0 (35) 

Here, ϕ(x) is a coupling function that characterizes the regu
latory effect of external solid-phase blockage on particle migra
tion. To ensure both physical rationality and numerical stability, an 
exponential buffering function is adopted, as given in Eq. (36). 

ϕ
(

K
G
d (r)

)
= e− γ(1− K

G
d (r)) (36) 

The coupling strength factor γ physically controls the degree of 
permeability suppression imposed by solid-phase deposition on 
subsequent particle migration. It reflects how rapidly the perme
ability perturbation propagates through the solid matrix during 
coupling iteration. In this study, γ is empirically set to 3, corre
sponding to a moderate coupling intensity where permeability 
reduction below 0.5 leads to a 60%–70% decrease in migration flux. 
Larger γ values (>5) represent stronger coupling typical of fine- 
grained formations with high solids retention, whereas smaller 
values (1–2) correspond to weak coupling observed in coarse 
sandstones.

The value of γ can be calibrated through two approaches: (1) 
laboratory core flooding  tests by fitting  the time-dependent 
permeability decline curves, or (2) history matching against 
field-measured skin factor evolution.

3.2. Establishing the asymmetric feedback mechanism of liquid- 
phase damage

It is important to clarify the rationale behind the different 
coupling strategies adopted for solid-phase and liquid-phase 
mechanisms. The two solid-phase processes—solid invasion and 
particle migration—operate on relatively distinct spatial and 
temporal scales: solid invasion mainly alters permeability through 
pore plugging near the wellbore, whereas particle migration oc
curs as a secondary redistribution over longer time scales. Because 
their mutual influence  is indirect and largely mediated by the 
evolving permeability field,  a weak (one-way) coupling is suffi
cient to capture the dominant feedback while maintaining nu
merical stability and tractability.

In contrast, the three liquid-phase mechanisms—scaling, 
swelling, and water blocking—share common state variables such 
as porosity (φ), water saturation (Sw), and ion concentration (Ci), 
and their interactions are highly nonlinear and simultaneous. 
Scaling alters ion concentrations and pore geometry, which 
directly affect water-blocking behavior; swelling modifies φ and in 
turn changes hydrodynamic and chemical responses. These pro
cesses therefore require a strong (two-way) coupling realized 
through the feedback network, ensuring accurate representation 
of cross-mechanism effects.

This hierarchical coupling strategy achieves a balance between 
physical realism and numerical robustness: weak coupling avoids 
excessive stiffness in the solid-phase module, while strong 
coupling among liquid-phase processes preserves the fidelity  of 
rapid physicochemical interactions.

Under the combined influence of multiple factors, liquid-phase 
behavior in the near-wellbore region significantly  affects the 
permeability evolution process. Water blocking, inorganic scale, 
and clay swelling damage are all driven by aqueous-phase dy
namics. Together, they influence  pore water content and the 
integrity of flow channels, making them physically highly coupled. 
This section provides a detailed discussion of the modeling 
methodology for such coupling mechanisms.

3.2.1. One-way coupling of “scaling–swelling”
According to the fundamental theory of fluid  flow  in porous 

media, particularly the Kozeny–Carman equation and the capillary 
bundle model, permeability is proportional to the fourth power of 
pore throat radius. Thus, within the range of positive real values, 
permeability is a strictly convex function of pore throat radius, and 
marginal effects increase with reduction in radius. For example, 
when the pore throat radius decreases from 3 to 2 μm, the 
permeability drops to 19.75% of its original value; whereas when 
the radius further decreases from 2 to 1 μm, the permeability 
decreases to only 6.25% of its original value, indicating a slowing 
decline. On the other hand, when inorganic scaling damage is se
vere, the initial ion concentration is relatively high, which signif
icantly affects the membrane mass exchange coefficient  ψ for 
water entry into clay minerals (Eq. (26)), thereby influencing clay 
swelling behavior. The relationship of ψ is given in Eq. (37). 

ψ = α0D
2
3

(
1
μ

)1
3
(

1
rmκ

)2
3
[

1 −
2I1(rmκ)

rmκI0(rmκ)

]1
3

(37) 

I0(x)=
∑∞

i=0

1

(i!)2

(x
2

)2i 

I1(x)=
∑∞

i=0

1
i!(i + 1)!

(x
2

)2i+1 

κ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

e2∑ νiz2
i

ε0DekBT

√

Using Eq. (37), the variation of the membrane mass exchange 
coefficient with inverse Debye length was calculated under a vis
cosity range of 10–60 mPa⋅s, as shown in Fig. 7, revealing a negative 
correlation. According to the definition of inverse Debye length κ in 
Eq. (37), the higher the electrolyte concentration (ionic content) in 
the solution, the larger κ, and hence the smaller the Debye length. 
In core samples, when clay minerals undergo clay swelling, 
increasing the salinity of drilling fluid filtrate effectively shortens 
the Debye length κ− 1 on solid surfaces, thereby suppressing the 
diffusion rate of water molecules into clay structures and reducing 
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Fig. 7. Variation of membrane mass transfer coefficient with inverse Debye length of 
solid surfaces for invading fluids of different viscosities.
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the swelling degree. This mechanism aligns well with experi
mental observations and field  practices. In actual applications, 
high-concentration potassium chloride is often added to drilling 
fluids to effectively inhibit clay swelling.

In summary, based on the unified  liquid-phase governing 
equation system (Eqs. (20) and (21)), this study proposes a 
mechanism-driven “scaling–swelling” deeply coupled modeling 
method. Both mechanisms represent pore structure evolution 
driven by ion migration—one through the formation of solid 
precipitates and the other through volumetric expansion caused 
by interfacial water molecule diffusion–exchange—thus jointly 
influencing  permeability changes. The core idea is as follows: at 
each time step, the inorganic scaling model (Eq. (25)) is first solved 
to obtain the ion concentration field  at each spatial location. 
Subsequently, the salinity is calculated and substituted into the 
formula for the membrane mass exchange coefficient  (Eq. (37)), 
thereby updating the ψ value in the clay swelling model (Eq. (28)) 
and dynamically adjusting the diffusion rate. This physical feed
back channel reveals the controlling effect of solution salinity on 
swelling rates, namely, higher ionic strength suppresses further 
water molecule diffusion into interlayer structures, thereby miti
gating swelling.

This “one-way physical driving + intra-time-step feedback 
loop” mechanism more effectively captures the nonlinear 
response behavior of real reservoirs compared to conventional 
sequential module coupling methods. The proposed “sca
ling–swelling” model further shares porosity fields  and water 
saturation variables with the water blocking model, thus forming a 
unified coupling framework for liquid-phase damage.

3.2.2. Construction of a two-way feedback model for 
“scaling–swelling–water blocking”

In the mechanisms of liquid-phase reservoir damage, water 
blocking, inorganic scale precipitation, and clay mineral swelling 
exhibit significant  physicochemical coupling effects. Their in
teractions are not merely unidirectional dependencies but instead 
form a dynamic nonlinear system through the sharing of state 
variables and interactive feedback pathways. Building upon the 
previously developed weakly coupled “scaling–swelling” model, 
this study further establishes a strongly coupled three-mechanism 
framework with feedback effects, thereby enabling a unified 
description of local hydrodynamics, chemical reactions, and pore 
structure evolution.

In the SSIDF framework, the feedback network is a physically 
grounded coupling system that links the three liquid-phase 
damage mechanisms—scaling, clay swelling, and water blocking 
through shared state variables (porosity φ and water saturation 
Sw). Each mechanism dynamically influences the others by altering 
these shared variables.

For instance, increased Sw due to water blocking reduces Darcy 
velocity u, which suppresses ionic diffusion and hence decreases 
the precipitation rate of scaling. Conversely, scale deposition raises 
local capillary pressure and enhances water retention, intensifying 
the water-blocking effect. Simultaneously, variations in ion con
centration modify the membrane exchange coefficient  ψ in the 
clay-swelling model, forming a bidirectional, closed-loop feedback 
among the three processes.

This network thus represents a nonlinear physical feedback 
system, rather than a data-driven neural network, and enables 
dynamic two-way interaction among the liquid-phase submodels.

(1) Feedback of water blocking on scaling reactions

In conventional inorganic scaling models, the precipitation 
reaction term is primarily controlled by ion concentration, without 

considering the influence  of local hydrodynamic variations on 
reaction transport processes. In reality, the water blocking effect 
significantly  increases water saturation in the near-wellbore re
gion, leading to a reduction in Darcy velocity u, which inhibits both 
solute diffusion and convective transport, thereby suppressing 
effective precipitation reactions.

To account for this effect, we apply a hydrodynamic correction 
to the precipitation rate constant ki and define the effective rate 
ki

eff as in Eq. (38), where uref is the local Darcy velocity representing 
the characteristic scale of reactive transport in the low-velocity 
limit. This formulation captures the kinetic retardation induced 
by enhanced water-blocking. 

keff
i = ki

u
u + uref

(38) 

The hydrodynamic feedback expressed in Eq. (38) is physically 
and experimentally supported. Laboratory core-flood studies have 
repeatedly shown that higher flow velocities reduce the residence 
time of supersaturated brine near rock surfaces, thereby 
decreasing the local degree of supersaturation and the likelihood 
of mineral precipitation.

Khormali et al. (2016) demonstrated that calcium-carbonate 
scale deposition in core systems is strongly suppressed when the 
injection rate increases. Similarly, Azizi et al. (2019) reported that 
scale formation and particle retention diminish with increasing 
flow rate owing to enhanced mass-transfer and shear removal of 
nascent precipitates. Core-flood  experiments for reactive-fluid 
transport (Ott et al., 2012) further confirmed  that velocity- 
controlled reaction regimes exist in porous media.

Accordingly, the ratio u
u+uref 

in Eq. (38) serves as a normalized 
hydrodynamic damping factor capturing the experimentally 
observed inverse relationship between flow velocity and precipi
tation rate. The reference velocity uref is calibrated from core-flood 
data to reproduce the transition between reaction-limited and 
transport-limited regimes. This feedback term is physically 
consistent with previous thermo-hydro-mechanical and filtration- 
coupling studies on drilling-fluid invasion and mudcake evolution, 
which demonstrated that flow-velocity-dependent hydrodynamic 
feedback and dynamic boundary effects significantly affect near- 
wellbore transport processes (Ma et al., 2020; Peng et al., 2021, 
2025). The model reproduces the same qualitative trend 
observed in these experiments—higher injection rate leading to 
weaker scaling-induced permeability loss (see Section 5.2)—thus 
confirming the physical validity of the feedback mechanism.

(2) Feedback of scaling on water blocking

Scale deposition markedly alters reservoir pore structure, 
increasing water retention volume and elevating capillary pres
sure, thereby raising saturation and aggravating water blocking. 
This effect is naturally incorporated into the permeability function 
of the water blocking model (Eq. (33)). In this work, the porosity 
evolution induced by precipitation is explicitly embedded into the 
relative permeability function of the water blocking model to 
implement this feedback pathway.

(3) Coupling between water blocking and clay swelling

Clay swelling damage is driven by the penetration–adsorption 
behavior of water molecules at the rock–pore interface. This pro
cess is not only influenced by salinity but also strongly affected by 
local hydrodynamics. In high water-blocking regions, although 
water saturation is high, the low flow velocity and limited effective 
diffusion pathways may suppress the entry of free water into 
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interlayer structures. Therefore, in this study, the membrane mass 
exchange coefficient is no longer treated as an empirical constant. 
Instead, fluid–pore flux is introduced as a physical control variable, 
modifying the coefficient as follows: 

ψ =
Jw

Jw + Jcrit
D

2
3

(
1
μ

)
1
3

(
1

rmκ

)
2
3

[

1 −
2I1(rmκ)

rmκI0(rmκ)

]1
3

(39) 

where Jw = uSw is the local water flux, and Jcrit is the interfacial 
adsorption threshold under steady-state conditions, reflecting the 
limiting response of clay interlayers to water flux.  This newly 
corrected membrane exchange coefficient  characterizes swelling 
capacity under varying flow conditions and captures the behav
ioral trend of “rapid early swelling–later stabilization and 
convergence.”

(4) Implementation of the feedback loop

Within each time step tn, the following iterative procedure is 
adopted:

① Solve the hydrodynamic field u, water saturation Sw, and ion 
concentration Ci;

② Evaluate the saturation index Is to activate the scaling re
action term;

③ Update the membrane mass exchange coefficient  ψ in the 
swelling model;

④ Update porosity φ, effective reaction rate ki
eff, and 

permeability;
⑤ If the variable updates do not satisfy the convergence cri

terion, return to Step ①.

This strongly coupled three-mechanism model achieves a 
complete representation of the interactive evolutionary features of 
liquid-phase damage during drilling and completion by iteratively 
sharing and updating multiphysics variables spanning flow, 
chemistry, and mechanics. The above iterative steps constitute the 
computational realization of the feedback network. Within each 
global time step, the solver exchanges updated state variables 
among the three submodules until all field variables (u, Sw, Ci, ψ , 
and φ) satisfy the convergence criterion (‖Δφ‖/φ0 < 10− 5). This 
ensures energy-consistent coupling and numerical stability. 
Compared with conventional sequential coupling, the feedback- 
network formulation maintains physical causality and eliminates 
artificial time-lag effects, allowing the SSIDF model to capture the 
nonlinear synergy among scaling, swelling, and water-blocking 
mechanisms in real time.

3.3. Multimechanism coupling model: unified damage function 
based on SSIDF

In engineering practice, indicators such as skin factor and 
permeability damage rate are commonly used to assess reservoir 
damage. However, these typically rely on linear summation or 
empirical formula combinations of different mechanisms, which 

fail to reveal the nonlinear responses and coupling feedbacks un
der the synergistic effect of multiple mechanisms. Section 2 have 
separately established coupling models for solid-phase and liquid- 
phase damage mechanisms, encompassing shared state variables 
such as permeability, porosity, and saturation. Building upon this, 
this study introduces the SSIDF, driven by structural disturbance. 
SSIDF integrates the outputs of multiple mechanisms and con
structs a continuous mapping path of “mechanism-driv
en—structural response—macroscopic damage”, breaking away 
from the traditional modelʼs separate accumulation paradigm.

The common outcome of various reservoir damage mecha
nisms is the evolution of effective flow channels, i.e., pore struc
ture. Whether it is solid-phase particle blockage, inorganic scale 
deposition, clay swelling, or water blocking, the ultimate result can 
be viewed as a disturbance to local porosity. The total porosity can 
be expressed as the weighted summation of disturbances from 
each mechanism: 

φ(r; t) =φ0 −
∑n

i=1

wi(r; t)⋅δφi(r; t) (40) 

Starting from Kozeny-Carman, the intrinsic permeability scales 
as K∝φ3/(τ2Sv

2), where φ is porosity, τ tortuosity, and Sv is the specific 
surface per unit volume. Empirical/PNM studies commonly repre
sent τ by τ ∝ φ− α with α ∈ [0, 1], and the morphology factor by 
Sv∝(1− φ)β with small β for weak texture evolution. Combining these 
gives an effective power-law sensitivity. 

K∝φ3+2α(1 − φ)− 2β (41) 

For moderate δφ about φ0, the mapping from a normalized 
porosity disturbance δi =δφi/φ0 to the permeability ratio can be 
locally approximated by 

K
K0

≈ (1 − δ)γd ; γd ≈ 3 + 2α (for β ≈ 0) (42) 

Because α ∈ [0,1] captures the observed variation from coarse, 
weakly tortuous media to finer, more tortuous frameworks, the 
corresponding exponent naturally falls in the bracket γd ∈ [2,5] 
when evaluated around realistic φ0 and accounting for modest 
morphology effects. Eq. (43) therefore instantiates this mechanism- 
anchored power-law as the SSIDF permeability update. 

Kd(r; t) =1 −

[

1 −
∑

i

wi(r; t)⋅δi(r; t)

]γd

(43) 

where γd ∈ [2, 5] represents the nonlinear amplification degree of 
permeability due to porosity evolution, and δi =δφi/φ0 is the 
normalized porosity disturbance rate. The SSIDF model naturally 
receives the structural disturbance variables output from the 
mechanism models in Section 2, as detailed in Table 3. The entire 
initial–boundary value problem for the multimechanism coupling 
model is shown in Table 4.

Compared to traditional linear summation models and product 
models, the SSIDF model offers the following advantages: struc
tural rationality:

Table 3 
Calculation methods for porosity disturbances under different mechanisms.

Mechanism type Corresponding disturbance term calculation method (δφi)

Solid-phase damage (invasion + migration) Obtained by integrating the precipitation concentration
Inorganic scaling Converted from the mass of ionic precipitates
Clay swelling Porosity compression induced by water diffusion/exchange
Water blocking effect Local pore closure ratio caused by enhanced water saturation
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• Based on a unified physical foundation with pore structure as 
the coupling intermediary.

• Strong mechanistic interpretability: Each disturbance corre
sponds to a physical effect of a mechanism, with each model 
coupling term mapping directly to the mechanism.

• Nonlinear response capture: The exponent γ captures the 
marginal amplification  or saturation effects between 
mechanisms.

• Ease of expansion and integration: New mechanism distur
bance terms, such as wettability reversal or bacterial blockage 
damage that may occur in later stages (e.g., during water
flooding), can be easily incorporated.

3.4. Model limitations and potential deviations due to 
simplification of scaling kinetics

It should be noted that the present inorganic scaling model 
adopts a single-rate reaction formulation activated by the satura
tion index, which simplifies  the complex multicomponent pre
cipitation processes occurring in real formation water systems. 
This simplification neglects potential interactions among multiple 
mineral species (e.g., Ca–Ba–Sr sulfates or mixed carbonate–sulfate 
systems), temperature–pressure coupling effects on reaction ki
netics, and variations in precipitate crystal morphology. Such 
factors may cause deviations in the predicted scaling intensity or 
spatial distribution, particularly in reservoirs with strong chemical 
heterogeneity or high ionic strength.

Nevertheless, for the targeted near-wellbore conditions 
considered in this study—where ionic composition and thermo
dynamic conditions remain relatively stable within a limited radial 
domain—the single-rate approach provides an acceptable first- 
order approximation and maintains numerical tractability and 
stability. Future work will incorporate multi-mineral co-precipi
tation kinetics and temperature–pressure coupling into the SSIDF 
framework to enhance its general applicability under more com
plex geochemical conditions.

4. Numerical implementation and verification

4.1. Semi–implicit finite–difference scheme

The governing equations described above were discretized us
ing a semi–implicit finite–difference scheme to ensure stability 
and efficiency  in solving the coupled nonlinear system. The 
scheme combines explicit treatment of nonlinear reaction terms 
with implicit updating of diffusion and coupling terms, thus 
enabling larger time steps without compromising numerical sta
bility. The spatial domain was discretized using logarithmic grid 

spacing to capture steep gradients near the wellbore, while 
maintaining computational efficiency  in the far–field.  A detailed 
derivation of the discretization and coordinate transformation can 
be found in Appendix B.

To validate the numerical accuracy, grid refinement tests were 
conducted to verify mesh independence and to quantify the dis
cretization error using RMSE and L2 norms. Furthermore, the semi- 
implicit scheme was evaluated for numerical stability and 
convergence under refined temporal and spatial resolutions. The 
verification  results are presented in Sections 4.2 and 4.3, con
firming that the proposed scheme achieves second–order spatial 
accuracy and unconditional stability within the parameter range of 
interest.

4.2. Grid independence and RMSE evaluation

To examine the mesh independence and spatial accuracy of the 
semi-implicit finite-difference model, simulations were per
formed with grid resolutions nx = 4, 8, …, 1024 while keeping the 
time step constant at Δt = 0.1. The root mean square error (RMSE) 
and the L2 and L∞ norms of the permeability-damage profile Kd(r) 
were computed with respect to the finest  grid (nx = 1024) 
reference.

As summarized in Table 5, the RMSE decreases steadily from 
2.84 ×10− 1 at nx = 4 to 1.01 ×10− 3 at nx = 512. The L2 and L∞ norms 
show the same monotonic decline, indicating that the solution 
becomes effectively grid-independent when nx ≥ 256.

As shown in Fig. 8, a least-squares regression of log(RMSE) 
against log(h) using all non–zero errors gives an empirical slope 
p = 1.13, confirming  first-order  spatial accuracy. This order is 
consistent with the upwind discretization of the advective term, 
which governs the overall truncation error even though the 
diffusion operator itself is second order.

Table 4 
Initial–boundary value problem (IBVP) for the coupled multi-mechanism damage model.

Component Governing equations Initial condition Boundary condition Physical description

Solid-phase 
invasion

Eqs. (1, 2, 9–12) C(r;0) = Cd(r;0) = 0 C=βC0 at Γin, C=0 at Γout, P=Pin at Γin, 
P=Pout at Γout

Particle transport and 
deposition

Particle 
migration

Eqs. (1, 2, 9, 10, 12, 18 
and 19)

C(r;0) = Cd(r;0) = 0 C=0 at Γin, C=0 at Γout, P=Pin at Γin, P=Pout 

at Γout

Internal particle 
mobilization

Inorganic 
scaling

Eqs. (9, 21–25) Ci(r;0) = CFormation Ci = CLiquid at Γin, P=Pin at Γin, P=Pout at 
Γout

Precipitation under 
supersaturation

Clay swelling Eqs. (9, 20, 21, 28 and 
29)

φ(r;0) = φ0, c1(r;0) = φ0Swc c1 = φ0 at Γin, P=Pin at Γin, P=Pout at Γout Diffusion-driven interlayer 
expansion

Water 
blocking

Eqs. (9, 20, 21, 33) u(r;0) = 0, Sw(r;0) = Swc P=Pin at Γin, P=Pout at Γout Capillary saturation growth

Coupled 
framework

Eqs. (36, 38–41) Ci(r;0) = CFormation, φ(r;0) = φ0, c1(r;0) = φ0⋅Swc, u(r;
0) = 0, Sw(r;0) = Swc

Ci = CLiquid at Γin, c1 = φ0 at Γin, P=Pin at 
Γin, P=Pout at Γout

SSIDF

Table 5 
Grid-independence and RMSE evaluation.

nx RMSE L2 L∞

4 2.84 × 10− 1 9.08 4.23 × 10− 1

8 1.38 × 10− 1 4.43 1.99 × 10− 1

16 6.63 × 10− 1 2.12 9.48 × 10− 2

32 3.19 × 10− 2 1.02 4.56 × 10− 2

64 1.53 × 10− 2 0.49 2.18 × 10− 2

128 7.09 × 10− 2 0.23 1.01 × 10− 2

256 3.03 × 10− 2 0.097 4.32 × 10− 3

512 1.01 × 10− 3 0.032 1.44 × 10− 3
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4.3. Stability and convergence analysis

Temporal-refinement  and stability tests were conducted at a 
fixed spatial resolution of nx = 400. Time steps were reduced 
successively from Δt = 25.6 to 0.025. The RMSE of Kd(r) decreases 
monotonically from 7.71 × 10− 2 at Δt = 25.6 to 6.34 × 10− 5 at 
Δt = 0.05 (Table 6). A least-squares regression of log(RMSE) versus 
log(Δt) gives an empirical slope pt = 1.06, verifying first-order 
temporal accuracy. This result is consistent with the 
backward–Euler time integration employed in the semi-implicit 
scheme.

A stability sweep covering Δt = 0.05–1.6 was also performed. As 
shown in Fig. 9, all computed Kd(r) curves for different Δt values 
almost overlap, showing no oscillation or divergence. This dem
onstrates that the proposed semi-implicit method maintains 
strong numerical stability and behaves as effectively uncondi
tionally stable over the parameter range investigated.

4.4. Parameter sensitivity and uncertainty quantification

To evaluate the robustness of the SSIDF framework, a global 
sensitivity and uncertainty analysis was conducted using Latin 
hypercube sampling (LHS) of three empirical parameters: the 
deposition coefficient  ki

eff, the particle–fluid  interaction factor γ, 
and the formation property factor ψ. One hundred samples were 
generated within physically realistic ranges (ki

eff ∈ [10− 4, 10− 1] 
log–uniform; γd ∈ [2, 5]; ψ ∈ [0.1, 0.7]). Each sample was evaluated 
under identical spatial and temporal discretization (nx = 400, 

Δt = 0.1, tend = 200). Standardized regression coefficients  (SRC) 
and rank-SRC were computed between inputs and four key out
puts—near-wellbore damage Kd(rw), domain-averaged damage Kd, 
maximum damage Kdmax, and the skin factor S. The results are 
summarized in Table 7 and Fig. 10. Both SRC and rank-SRC reveal 
consistent trends.

The deposition coefficient ki
eff dominates all damage indicators 

(∣SRC∣> 0.75), confirming  its primary role in controlling the rate 
and magnitude of particle deposition. ψ shows a secondary but 
non-negligible effect (∣SRC∣≈ 0.35–0.50), particularly influencing 
averaged quantities and skin factor, whereas the particle–fluid 
interaction factor γd exerts only a moderate influence  (∣SRC∣< 
0.35). No sign of numerical instability or non-monotonic behavior 
was observed across the parameter space, demonstrating that the 
semi-implicit solver remains robust to substantial parameter 
perturbations.

While the present analysis focuses on deterministic calibration 
and variance-based sensitivity using LHS-SRC, the same frame
work can be extended to full uncertainty quantification (UQ) using 
Sobol indices or probabilistic surrogate models such as the deep 
energy method (DEM), enabling uncertainty-aware formation- 
damage prediction in future work.

5. Nonlinear synergistic effects of multimechanism reservoir 
damage

In this study, five  types of damage mechanisms are modeled 
based on the radial diffusion-convection-reaction control equa
tions, and numerical solutions are obtained using a semi-implicit 
finite  difference method on the MATLAB platform. Considering 
the significant variations in permeability and concentration in the 
near-wellbore region, the model adopts a logarithmic coordinate 
transformation r = rwex, as detailed in Appendix B. Building upon 
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Fig. 9. Stability sweep of the semi-implicit scheme at fixed nx = 400. The overlapping 
Kd(r) profiles for time steps Δt = 0.05–1.6 indicate first-order temporal accuracy and 
strong numerical stability.

Table 7 
Standardized regression coefficients (SRC) and rank-SRC for key outputs.

Parameter Kd(rw) Kd Kdmax S

ki
eff − 0.88 (− 0.92) − 0.77 (− 0.89) − 0.77 (− 0.85) +0.74 (+0.82)

γd +0.18 (+0.24) +0.25 (+0.27) +0.33 (+0.37) − 0.22 (− 0.22)
ψ − 0.26 (− 0.30) − 0.38 (− 0.38) − 0.37 (− 0.38) +0.50 (+0.52)
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Fig. 8. Log-log plot of RMSE versus grid size h. The regression slope p ≈ 1.13 confirms 
first-order spatial accuracy and grid independence for nx ≥ 256.

Table 6 
Temporal convergence and stability verification.

Δt RMSE L2 L∞

25.6 7.71 × 10− 2 1.54 9.95 × 10− 2

12.8 4.58 × 10− 2 0.92 5.89 × 10− 2

6.4 2.99 × 10− 2 0.60 3.88 × 10− 2

3.2 1.27 × 10− 2 0.25 1.62 × 10− 2

1.6 3.99 × 10− 3 0.080 5.31 × 10− 3

0.8 1.96 × 10− 3 0.039 2.62 × 10− 3

0.4 9.51 × 10− 4 0.019 1.27 × 10− 3

0.2 1.03 × 10− 3 0.021 1.34 × 10− 3

0.1 4.83 × 10− 4 0.0097 6.34 × 10− 4

0.05 6.34 × 10− 5 0.00127 8.46 × 10− 5
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this, a nonlinear synergistic effect analysis of multimechanism 
reservoir damage is conducted.

5.1. Nonlinear synergistic analysis of solid-phase damage

Pressure is the driving force for solid particle deposition and 
migration. Therefore, considering the initial permeability of 
450 × 10− 3 μm2, initial porosity of 18%, and different pressure 
differentials, the evolution of skin factor over time is calculated 
using the solid-phase coupling model, simple summation model, 
and single-factor damage model, as shown in Fig. 11.

As shown in Fig. 11(a), on the 50th day, when the pressure 
differential is 1.5 MPa, the total skin factor considering solid-phase 
coupling is 0.2066 lower than that of the non-coupled model, with 
results being quite similar. As the pressure differential approaches 
zero (i.e., less than 1.5 MPa), the results of both models will 
converge. This suggests that when the pressure differential, a 
driving factor, is small, the coupling between mechanisms and the 
independent summation of individual damages can be considered 
negligible. Under very low pressure differential conditions, parti
cle migration is limited, and the interactions between solid-phase 
damage mechanisms are weak, making the assumption of their 
independence highly reasonable. At this point, the total damage is 
minimal, and changes in rock permeability and pore structure are 
negligible. Meanwhile, the particle concentration is very low, and 
the probability of particle interactions or interference is minimal, 
so the coupling effects between mechanisms are insignificant.

At pressure differentials of 2 and 3.6 MPa, the total skin factor 
on day 50 for the coupled model is 0.2637 and 0.2862 lower than 

that of the non-coupled model (Fig. 11(b) and (c)), showing that 
their interaction has a significant  suppressive effect on total 
damage. This indicates that under high-pressure differential con
ditions, the concentration of particles in the medium increases, 
enhancing particle collisions and interference, which leads to 
significant  interactions between damage mechanisms. The 
coupling effects must be considered. However, the increase in skin 
factor from 2 to 3.6 MPa is much smaller than that from 1.5 to 
2 MPa. This is because the invading solid-phase particles reduce 
the reservoirʼs instantaneous permeability, thereby weakening the 
migration ability of particles. Meanwhile, migrating particles also 
hinder the subsequent invasion of solid-phase particles to some 
extent, forming a bidirectional limiting effect.

Under the same input conditions as in Fig. 10, when the initial 
porosity is varied, the results are shown in Fig. 12. As shown in 
Fig. 12(d–f), the porosity of the reservoir significantly affects the 
evolution rate of solid-phase damage. The evolution of the skin 
factor indicates that reservoirs with high porosity not only have 
faster initial damage growth rates but also a longer duration of 
continuous growth, reflecting  a stronger cumulative clogging 
ability. This phenomenon aligns with physical intuition: in low- 
porosity media, pore throat channels have certain screening and 
blocking capabilities, preventing deep migration of foreign parti
cles, leading to a relatively confined and rapid saturation of dam
age patterns.

From Fig. 12(a–c), it can be observed that under low porosity 
conditions, the narrow channels allow only very fine particles to 
pass through, and foreign solid-phase particles are trapped early in 
the near-zone, making particle migration the primary solid-phase 
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damage mechanism. In contrast, Fig. 12(d–f) show that under high 
porosity conditions, the channels are large enough for most 
foreign particles to penetrate directly, reducing the shear flow rate 
in the later stages and inhibiting particle migration, manifesting as 
solid-phase invasion-dominated “single-type” damage. Under 
medium porosity conditions, both particle invasion and particle 

detachment migration can occur in certain regions simulta
neously, displaying clear coupling characteristics (Fig. 12(e)).

5.2. Nonlinear synergistic analysis of liquid-phase damage

Since liquid-phase damage mechanisms share the porosity 
variable, this section examines the differences between the liquid- 
phase coupling model and other models under formation water 
salinity of 24,237.2 mg/L, invading fluid salinity of 48,359.3 mg/L, 
clay content of 10%, and varying porosity conditions. The first 
comparison involves the results of the unidirectional coupling 
model for inorganic scaling and clay swelling versus single-factor 
damage models, as shown in Fig. 13.

From Fig. 13(a–c), it can be observed that as initial porosity 
decreases, the total damage becomes more severe. Under identical 
conditions, the skin factor calculated by the clay 
swelling–inorganic scaling coupling model is consistently lower 
than that of the simple superposition model. This is mainly 
because the coupling model incorporates the inhibitory effect of 
salinity on clay swelling, thereby reducing permeability loss 
caused by swelling. Fig. 13(d) shows that the unidirectional 
coupling model successfully captures the nonlinear enhancement 
of inorganic scaling damage as porosity decreases—that is, the 
smaller the porosity, the larger the proportion of pore space 
occupied by small-scale precipitate blockages. However, because 
the unidirectional coupling model does not account for the 
coupling effects of water blocking with the other two mechanisms, 
the overall damage trend is relatively simple, reflecting only the 
mutual inhibition between clay swelling and inorganic scaling.

With porosity fixed at 10% and the same input parameters as in 
Fig. 13, the liquid-phase three-mechanism coupling model (true 
coupling, shown in Fig. 14) and the aforementioned unidirectional 
coupling model (placeholder coupling, also shown in Fig. 14) are 
compared under different initial water saturations and clay mineral 
contents. Fig. 14(a) shows that the water-blocking skin factor in the 
three-mechanism coupling model is 2.798, which is higher than any 
of the water-blocking skin factors in Fig. 13, and exceeds the contri
bution of clay swelling. This result is more consistent with physical 
intuition, since lower porosity is usually accompanied by smaller pore 
throat radii and higher capillary pressures, thereby intensifying water 
retention effects and making water blocking damage more significant.

In Fig. 14(b), when clay mineral content is increased to 50%, the 
average swelling rate of clay hydration rises to 2.92 times its original 
value, providing a good explanation for the positive feedback in clay- 
rich reservoirs: water blocking supplies bound water, which re
inforces clay swelling. During the hydration of clay minerals (e.g., 
montmorillonite), bound water—especially capillary water—serves 
as a critical medium for the hydration reaction, facilitating interlayer 
expansion. Bound water is also often enriched with ions that partic
ipate in interlayer cation exchange, a key mechanism of swelling.

Fig. 14(c) and (d) show that as initial water saturation increases 
from 5% to 15%, water presence continues to promote swelling 
under the unidirectional coupling mechanism. However, in 
Fig. 14(d), the time required for the three-mechanism coupling 
modelʼs total skin factor to exceed that of the simple superposition 
model is significantly delayed. This validates the physical reality 
that “a moderate amount of water accelerates clay swelling, while 
excessive water dilutes ion concentration, thereby inhibiting 
cation exchange and slowing the swelling rate.

5.3. Spatiotemporal evolution of multimechanism reservoir 
damage

The total reservoir damage throughout the drilling and 
completion process, with an initial permeability of 450 × 10− 3 μm2, 
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initial porosity of 18%, formation water salinity of 24,237.2 mg/L, 
invading fluid salinity of 48,359.3 mg/L, and clay content of 10%, is 
characterized using the SSIDF model. The results are presented as 
real-time permeability changes, as shown in Fig. 15. Damage caused 
by the drilling and completion fluid typically exhibits a “wellbore- 
centered, radially decreasing” spatial distribution, which aligns with 

the spatiotemporal evolution of real-time permeability shown in 
Fig. 15: the closer to the wellbore and the longer the exposure 
time, the lower the permeability.

Fig. 16 further illustrates the spatial distribution changes of 
real-time permeability at different time points, with the wellbore 
located at the center (0.12 m). As shown in Fig. 16(a) and (e), by Day 

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

2

4

6

8

10

12

14(a) (b)

(c) (d)

(e) (f)

Sk
in

 fa
ct

or

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

1

2

3

4

5

6

Sk
in

 fa
ct

or

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Sk
in

 fa
ct

or

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Sk
in

 fa
ct

or

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

1

2

3

4

5

6

7

Sk
in

 fa
ct

or

0 5 10 15 20 25 30 35 40 45 50

Time, d

0

1

2

3

4

5

6

7

8

9

10

Sk
in

 fa
ct

or

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

Solid invasion
Particle migration
Particle migration (coupled)
Skin factor
Skin factor (coupled)

Fig. 12. Comparison of solid-phase coupling model, simple superposition model, and single-factor damage results at different initial porosities: (a) 5%, (b) 7%, (c) 9%, (d) 10%, (e) 
20%, (f) 30%.

K.-M. Sheng, G.-C. Jiang, M.-L. Du et al. Petroleum Science 23 (2026) 1929–1954

1945



11.20, noticeable damage has already occurred around the well
bore. As the soaking time increases (Fig. 16(b–h)), the damage 
gradually penetrates deeper into the reservoir. In actual reservoirs, 
if the damage starts from the middle of the formation, a damage 
band with a Gaussian-like distribution will form. The part depicted 
in Fig. 16 represents the lower half of this damage zone, showing 
the heterogeneity of reservoir damage in spatial distribution. As 
seen in Fig. 16(h), as the pressure gradient decreases, filtrate in
vasion saturates, and reactant depletion occurs, the damage no 
longer extends rapidly into the reservoir around Day 65 but 
instead stabilizes.

In the near-wellbore region, solid-phase and liquid-phase 
invasions exhibit significant  differences in their spatial distri
bution characteristics. This is mainly due to the fundamental 
differences in their migration mechanisms and their interaction 
with the reservoir medium. Solid-phase particles, which pri
marily come from bridging agents, weighting agents, and clay 
particles in the drilling or completion fluid,  are migration- 
limited by pore throat size and screening effects. They typi
cally form high-intensity damage zones within a 0.2–1.0 m 
range near the wellbore (Fig. 17(a)). In this region, particles are 
prone to deposition and retention, causing a sharp decrease in 
permeability, and exhibit a wellbore-centered, annular sym
metric distribution pattern under homogeneous reservoir 
conditions.

In contrast, the invasion of liquid-phase filtrate is driven by 
both pressure differential and capillary forces, allowing it to 
significantly  break through the solid-phase invasion front and 
migrate deeper into the reservoir, forming secondary damage 
zones. This liquid invasion typically extends 2–5 m beyond the 
wellbore (Fig. 17(b)), with the exact range depending on the for
mationʼs pore structure, fluid properties, and pressure conditions. 
Within this region, the filtrate can trigger various damage mech
anisms, such as clay mineral clay swelling, water blocking effects, 
and inorganic scaling precipitation. Although the extent of damage 
is generally weaker than in the near-wellbore zone, its impact on 
the flow capacity remains significant.  Consequently, a radial 
zoning structure forms around the well, with a primary damage 
zone dominated by solid-phase invasion and a secondary damage 
zone controlled by liquid-phase invasion (Fig. 17(c)).

5.4. Comparison with alternative frameworks

It is worth noting that advanced numerical and learning-based 
frameworks, such as the cracking particle method (CPM) (Rabczuk 
and Belytschko, 2004) and the deep energy method (DEM) (Wang 
et al., 2023), provide alternative paradigms for modeling complex 
coupled processes. CPM allows explicit representation of fracture 
evolution in solid mechanics through particle-based enrichment 
functions, making it ideal for problems dominated by structural 
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failure. In contrast, the DEM formulates physics-governed energy 
functionals and employs neural networks to solve both forward 
and inverse problems without discretization, naturally incorpo
rating uncertainties and experimental data.

The SSIDF framework differs fundamentally from these ap
proaches. Instead of replacing the governing equations with purely 
data-driven surrogates, it preserves mechanistic interpretability 
by explicitly coupling multiple physicochemical damage processes 
via shared state variables and a bidirectional feedback network. 
While DEM offers higher flexibility for inverse design, SSIDF pro
vides clearer physical insight and stronger constraints on process- 
specific interactions, making it more suitable for practical forma
tion damage analysis where mechanistic transparency and limited 
data availability are critical.

6. Field validation and application

The multimechanism reservoir damage coupling model devel
oped in this study has been applied in field operations in oilfields 
such as Gudong and Zhanjiang. The applications include two as
pects: (1) diagnosing existing damage in order to develop targeted 
reservoir damage prevention and remediation strategies; and (2) 
predicting potential damage to provide a theoretical basis for 
preventive measures. This section illustrates the applications with 
two field cases.

The two validation wells are located in geologically distinct 
regions of China. GO7 lies in the central Gudong Oilfield  of the 
Shengli Basin, eastern China. The target interval is a Neogene 
Guantao sandstone at 2.9–3.1 km depth, consisting of fine-to 
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medium-grained quartz–feldspar sandstones (φ ≈ 18%–21%, 
K ≈ 80–110 mD) containing ~35% illite and 25% kaolinite. YL8 is 
situated in the Songnan Low Uplift of the Qiongdongnan Basin, 
northern South China Sea. Its reservoir is a mid-Miocene marine 

sandstone at 2.7–2.9 km, with porosity 20%–23% and permeability 
60–90 mD. The formation is more heterogeneous, with alternating 
siltstone interbeds and a higher clay fraction (~30%). Formation 
water salinity in both regions is 110–130 g/L (NaCl-CaCl2 type). The 
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injected drilling/completion fluids  are low-salinity (3–5 g/L) 
water-based muds containing polymeric filtrate reducers and KCl 
shale inhibitors. These data clarify the geological and operational 
contexts under which the SSIDF framework was validated.

For reference, the “traditional additive model” here refers to the 
direct linear summation of the five  single-mechanism damages 
without any coupling or feedback among them.

6.1. Damage diagnosis

For Well GO7 in the Gudong Oilfield,  calculations were per
formed using the input parameters provided in Appendix C.1, 
with results shown in Fig. 18. According to the methodology lis
ted in Table 3, the contributions of various damage mechanisms 
were quantified. The completion fluid used in this well had a low 
solid content and relatively low salinity, with potassium chloride 
(KCl) solution as the main component. Consequently, the domi
nant damage mechanisms were water blocking and particle 
migration, while clay swelling, inorganic scaling, and solid-phase 

invasion were relatively minor (Fig. 18(b)). The coupled multi
mechanism reservoir damage model calculated a skin factor of 
5.09 (Fig. 18(a)), compared with a measured skin factor of 5.16, 
whereas the simple superposition model yielded 5.65. The ac
curacy of the coupled model reached 98.64%, representing an 
8.14% improvement in accuracy over the simple additive 
approach.

The model achieves a predictive accuracy of 98.6% for the 
validated field  cases, reflecting  its strong agreement with 
measured data under calibrated parameter conditions. It should be 
noted that this value represents the accuracy obtained within the 
available parameter and data range, and not an absolute measure 
applicable to all reservoirs. In practice, when parameter uncer
tainty is larger, the model maintains robust performance with a 
moderate sensitivity, as shown in Section 4.4.

Based on the diagnostic results, conventional mud acid com
bined with surfactants was applied for damage removal. As a 
result, daily oil production increased from 2.2 to 4.27 m3/d, 
achieving a 94.09% increase in output.
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6.2. Damage prediction

Well YL8 is a deepwater gas well. The skin factor back- 
calculated from the daily production data was compared with 
predictions from the multimechanism damage coupling model, as 
shown in Fig. 19(a). The mean absolute percentage error (MAPE) 
was approximately 1.46%, indicating that the accuracy of the 
multimechanism coupling model reached 98.54%. The drilling 
fluid  in this well had both high solid content and high salinity, 
which suppressed clay mineral swelling almost completely, while 
inorganic scaling accounted for a large portion of the damage. In 
addition, the reservoir had relatively large average pore sizes, 
making solid-phase invasion the dominant damage mechanism. 
The calculated results were consistent with field observations.

7. Conclusions

(1) To address the multiphysical and multimechanism in
terferences that occur during drilling and completion, this 
study develops a unified  damage modeling framework 

dominated by structural disturbance. The framework in
corporates five mechanisms—solid-phase invasion, particle 
migration, water blocking, inorganic scaling, and clay 
swelling—thus breaking the traditional paradigm of “inde
pendent mechanisms and additive outcomes”.

(2) A unified damage factor function, SSIDF, is proposed, with 
pore structure disturbance as the central mediator. This 
function provides a unified characterization of the impact of 
different damage mechanisms on permeability evolution, 
offering strong physical interpretability and extensibility.

(3) A three-mechanism two-way feedback mod
el—“scaling–swelling–water blocking”—is constructed to 
reveal the nonlinear synergistic interactions among liquid- 
phase damages. The model reflects  the regulatory role of 
salinity, hydrodynamics, and pore parameters on the in
tensity of these interactions.

(4) Numerical simulations indicate that bidirectional restriction 
under solid-phase coupling significantly reduces the overall 
degree of damage, while liquid-phase mechanisms exhibit 
obvious amplification  effects under medium- and low- 
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porosity conditions. The spatial distribution of damage 
demonstrates a typical annular structure consisting of a 
“primary damage zone + secondary damage zone”.

(5) Field validation was conducted in two typical wells in the 
Gudong and Zhanjiang Oilfields. The model achieved a skin 
factor prediction accuracy of up to 98.6%, effectively dis
tinguishing the contributions and evolutionary trends of 
different damage mechanisms, thereby demonstrating 
strong field adaptability and application potential.

(6) The model is applicable for identifying the synergistic re
sponses of complex damage mechanisms in various types of 
reservoirs. It shows excellent adaptability and foresight in 
scenarios such as sensitivity-induced damage in high-clay- 
content formations and compound damage triggered by 
strong temperature-pressure disturbances in deepwater 
reservoirs. The model thus provides a quantitative support 
tool for integrated drilling–completion design and damage 
control in unconventional oil and gas reservoirs.

(7) Future work will focus on extending the SSIDF framework to 
incorporate mechanical damage and fracture propagation 
using meshfree particle-based schemes such as CPM, and to 
explore hybrid energy-driven learning strategies inspired by 
the deep energy method for uncertainty quantification and 
inverse optimization.
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Notation

α Vertical diffusion coefficient
α0 Proportional constant
α₁ Time decay factor (s− 1)
Ak Temperature sensitivity factor
As Geometric correction factor
β₁ Particle attachment efficiency, dimensionless
β₂ Time decay rate (m− 1)

βi, βj Reaction coefficients of the corresponding ions in 
reaction equations

c0 Initial volumetric fraction of water in the rock solid 
phase

c₁ Dynamic volumetric fraction of water in pores at a 
given time

C Volumetric concentration of solid phase in invading 
fluid, %

C0 Volumetric concentration of solid phase in invading 
fluid, %

Cd Volumetric concentration of deposited particles, %
Cdmax Maximum deposition saturation, %
Ci Concentration of ion i, mg/L
[Cat]、[An] Concentrations of free cations and anions, 

respectively, mg/L
Ct Comprehensive rock–fluid compressibility coefficient
δφi Porosity disturbance induced by mechanism I
D Diffusion coefficient of water molecules
Dg, Dp Particle diameters, μm
Γin Wellbore surface (inner boundary)
Γout Reservoir boundary (outer boundary)
I0(x) Zeroth-order modified Bessel function of the first kind
I₁(x) First-order modified Bessel function of the first kind
Is Saturation coefficient
k Filtration coefficient
ki Precipitation reaction rate constant of ion i
ki₀ Initial precipitation reaction rate constant of ion i
kB Boltzmann constant
K Instantaneous permeability, 10⁻3 μm2

K₀ Initial permeability, 10⁻3 μm2

Kc Solubility product constant of precipitation reaction
Kd Instantaneous permeability damage rate, 

dimensionless
κ Inverse Debye length (κ⁻¹ corresponds to the double- 

layer thickness, i.e., Debye length)
λ Clay swelling coefficient
μ Fluid viscosity, mPa⋅s
μs Mean pore throat radius of the formation, μm
μso Mean particle radius of solid phase in invading fluid, μm
η Single collector efficiency
ηs Ideal particle capture efficiency
φ Porosity, %
φ0 Initial porosity, %
ψ Membrane exchange coefficient
P Fluid pressure, MPa
Ri(C) Characteristic reaction or retention behavior of 

mechanism i
r Spatial vector, r = (x, y, z)
rc Critical particle radius, μm
rm Average pore throat diameter of porous medium, μm
rmin, rmax Minimum/maximum pore radius of medium, μm
rw Wellbore radius, m
ro Pore throat radius of reservoir, μm
rs Reservoir radius, m
rso Particle radius of solid phase in invading fluid, μm
R0 Maximum initial particle release rate
Sion Ionic strength
Sw Water saturation, %
Swc Irreducible water saturation, %
T Fluid temperature, K
Tik Wellbore temperature, K
Tck Reservoir temperature, K
τ Tortuosity
θ Corrected porosity, %
v Actual particle–fluid velocity, m/s
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u Darcy apparent velocity of particle–fluid mixture, m/s
V Total electrostatic potential energy
w Mass concentration, mg/L
wi Effective weight of mechanism i at a given 

spatiotemporal point
ωi Precipitation coefficient of precipitate in reaction
χ Lift coefficient
ξi Volume fraction of capillary i
ρp Particle density, kg/m3

ρL Fluid density, kg/m3

ρs Critical particle density, kg/m3

σs Standard deviation of formation pore throat radius, μm
σso Standard deviation of particle radius in invading fluid, 

μm
ζp, ζg ζ-potentials of suspended particles and matrix 

particles, respectively
N(r; μs, σs) Reservoir pore size distribution function
Ns(rso; μso, σso) Particle size distribution function of invading fluid 

solids

Appendix A. Derivation of analytical solution for 
diffusion–finite boundary reaction problem

A.1 Similar variable transformation

Introduce similar variables: 

ηA =
z

2
̅̅̅̅̅̅
Dt

√ (A.1) 

Substitute variables into Eq. (26): 

θA(z; t)= c(z; t) − c0⇒θ(ηA)=Θ(ηA) (A.2) 

The original problem is transformed into an ordinary differ
ential equation in terms of Θ(ηA). Using the chain rule: 

∂θA
∂t

= −
ηA
t

⋅ Θʹ(ηA);
∂2θA

∂z2 =
1

4Dt
⋅Θʹ́ (ηA)

Substituting into Eq. (26) yields: 

−
ηA
t

⋅Θʹ = D
4Dt

⋅Θʹ́⇒Θʹ́ + 2ηAΘʹ = 0 (A.3) 

A.2 Solution to the ordinary differential equation

Integrating Eq. (A.3) twice, let Θ' = f(ηA), then: 

df
dηA

+2ηAf =0⇒f =C1e− η2
A ⇒Θ(ηA)=C1

∫

e− η2
A dηA + C2 (A.4) 

The general solution is given by: 

θA(z; t)=A⋅
2
̅̅̅
π

√

∫∞

z
2
̅̅̅̅
Dt

√ +B

e− x2
dx (A.5) 

where B is the constant of integration.

A.3 Application of boundary conditions

Substitute Eq. (A.5) into the boundary conditions of Eq. (26) and 
compute the derivative: 

∂θA
∂z

= A

⎛

⎜
⎜
⎝ −

1
̅̅̅̅̅̅̅̅
πDt

√ e
−

(
z

2
̅̅̅̅
Dt

√ +B

)2 ⎞

⎟
⎟
⎠ (A.6) 

Let z = 0 and substitute into Eq. (26) to obtain: 

DA
̅̅̅̅̅̅̅̅
πDt

√ e− B2
= ψ

⎛

⎝c1 − c0 − A
2
̅̅̅
π

√

∫∞

B

e− x2
dx

⎞

⎠ (A.7) 

Solving Eq. (A.7) gives the value of B, which in practical appli
cations can be taken as: 

B=
ψ
̅̅
t

√

̅̅̅̅
D

√ (A.8) 

Substitute the above result back into the original variables to 
obtain the analytical solution (Eq. (27)).

Appendix B. Logarithmic coordinate transformation and 
derivation of difference scheme

The general form of the governing equation for damage control 
during the drilling and completion process is expressed as: 

∂C
∂t

+ f
(

r→; t
)
∇C
(

r→; t
)
=D

(
r→; t
)
∇2C

(
r→; t
)
+ R(C) (B.1) 

To overcome the problem of excessive grid density near the 
wellbore under radial coordinates, the model employs a logarith
mic transformation: 

x = ln
(

r
rw

)

; r = rwex; x ∈

[

0; ln
(

rmax

rw

)]

(B.2) 

By the chain rule: 

∂C
∂r

=
1
r

∂C
∂x
;
∂2C
∂r2 =

1
r2

(
∂2C
∂x2 −

∂C
∂x

)

(B.3) 

Substituting Eq. (B.3) into Eq. (B.1), and letting xj = jΔx, time 
step tn, the semi-implicit difference scheme can be written as: 
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j− 1
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(
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j− 1

(Δx)2

−
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j− 1

2Δx

)

+ R
(
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j

)

(B.4) 

Eq. (B.4) can then be rearranged into a tridiagonal structure, 
which allows for iterative solution using Eq. (B.5). 

Cn+1
j =

1
Aj

[
Cn

j +BjC
n+1
j+1 +CjC

n+1
j− 1

]
(B.5) 

Aj =1 +
2DjΔt

φ(Δx)2 

Bj =
DjΔt

(Δx)2 −
fjΔt
2Δx 

Cj =
DjΔt

(Δx)2 +
fjΔt
2Δx 
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Appendix C. Input parameters for field cases
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