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Abstract The paper presents a strength-failure 
mechanism for colloidal detachment by breakage 
and permeability decline in reservoir rocks. The cur-
rent theory for permeability decline due to colloi-
dal detachment, including microscale mobilisation 
mechanisms, mathematical and laboratory model-
ling, and upscaling to natural reservoirs, is developed 
only for detrital particles with detachment that occurs 
against electrostatic attraction. We establish a theory 
for detachment of widely spread authigenic particles 
due to breakage of the particle-rock bonds, by inte-
grating beam theory of particle deformation, failure 
criteria, and creeping flow. Explicit expressions for 
stress maxima in the beam yield a graphical technique 
to determine the failure regime. The core-scale model 
for fines detachment by breakage has a form of maxi-
mum retention concentration of the fines, expressing 
rock capacity to produce breakable fines. This closes 
the governing system for authigenic fines transport 
in rocks. Matching of the lab coreflood data by the 
analytical model for 1D flow exhibits two-population 
particle behaviour, attributed to simultaneous detach-
ment and migration of authigenic and detrital fines. 
High agreement between the laboratory and model-
ling data for 16 corefloods validates the theory. The 

work is concluded by geo-energy applications to (i) 
clay breakage in geological faults, (ii) typical reser-
voir conditions for kaolinite breakage, (iii) well pro-
ductivity damage due to authigenic fines migration, 
and (iv) feasibility of fines breakage in various geo-
energy extraction technologies.

Article Highlights 

• Detachment of authigenic particles from rock sur-
face by breakage during viscous flow.

• Critical velocity equation for all cases of particle 
detachment by tensile and shear-stress failure.

• Feasibility of clay detachment by breakage in 12 
field cases of geo-energy engineering.

Keywords Bond breakage · Particle detachment · 
Failure criteria · Beam theory · Fines migration · 
Analytical model
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cacc  Accumulated out-
let suspended particle 
concentration

E  Energy potential, M  L−1  T−2

Fd  Drag force, M L  T−2

Fe  Maximum electrostatic 
force, M L  T−2

fd  Shape factor for drag
fM  Shape factor for moment
g  Breakage regime function
h  Particle-surface separation 

distance, L
I  Moment of inertia,  L4

J  Impedance
k0  Initial absolute permeability, 

 L2

L  System length, L
ln  Lever arm for electrostatic 

force, L
Mb  Bending moment, M  L2  T−2

PV  Pore volume injected
p  Pressure, M  L−1  T−2

R2  Coefficient of determination
rb  Beam radius (or bond 

radius), L
rs  Effective particle radius, L
rw  Well radius, L
S0  Normalized shear stress at 

the middle of the beam, M 
 L−1  T−2

S1  Normalized shear stress at 
the boundary of the beam, M 
 L−1  T−2

S0  Shear strength, M  L−1  T−2

T  Temperature, Θ
t  Time, T
T0  Normalized tensile stress at 

the middle of the beam, M 
 L−1  T−2

T1  Normalized tensile stress at 
the boundary of the beam, M 
 L−1  T−2

T0  Tensile strength, M  L−1  T−2

U  Darcy’s velocity,  MT−1

Ub  Breakage Darcy’s velocity, 
 MT−1

V  Interstitial fluid velocity, 
 MT−1

X, Y, Z  Dimensionless Euclidean 
coordinates

x, y, z  Euclidean coordinates, L
Greek letters α  Drift delay factor
αs  Aspect ratio of the particle
β  Formation damage 

coefficient
γ  Fluid salinity,  molL−3

Δσn  Detached concentration 
between two consecutive 
velocities Un−1 to Un

δ  Bond ratio
η  Strength number
κ  Strength-drag number
λ  Filtration coefficient,  L−1

μf  Fluid viscosity, M  L−1  T−1

νc  Coulomb friction coefficient
ξ  Dimensionless param-

eter proportional to χ and 
depending on υ

Σ  Tensile stress, M  L−1  T−2

σ0  Detachable fines 
concentration

σ1,2,3  Principal stresses, M 
 L−1  T−2

σcr  Critical retention function 
MRF

σs  Strained particle 
concentration

σx  Normal stress in x-direction, 
M  L−1  T−2

σy  Normal stress in y-direction, 
M  L−1  T−2

σz  Normal stress in z-direction, 
M  L−1  T−2

Τ  Shear stress, M  L−1  T−2

τxy  Shear stress at y-plane 
towards x-direction, M 
 L−1  T−2

τxz  Shear stress at z-plane 
towards x-direction, M 
 L−1  T−2

τyz  Shear stress at z-plane 
towards y-direction, M 
 L−1  T−2

υ  Poisson’s ratio
ϕ  Porosity
χ  Shape-Poisson number
Subscript c  Cylinder
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cr  Critical
k  Index that corresponds to the 

two populations
m  Maximum
n  Index that is attributed to the 

injection velocity steps
St  Stabilised
Superscript b  Breakage
e  Electrostatic or detrital 

particles
Abbreviations CBM  Coal bed methane
CFD  Computational fluid 

dynamics
DLVO  Derjaguin, Landau, Verwey, 

Overbeek
GWP  Geothermal water 

production
HF  Hydraulic fracturing
HFW  Hydraulic fracturing using 

water
MRF  Maximum retention function
NG  Natural gas production
PDF  Probability distribution 

function
WI  Water injection into aquifers
WP  Water production from 

aquifers

1 Introduction

The geomechanics of rock failure under high stress 
with consequent permeability alteration is a wide 
and long-studied topic in geo-energy engineering. 
An incomplete list includes mining operation stud-
ies in gas-bearing coals (Wang et  al. 2022a; Xu 
et al. 2022), geo-engineering applications in granites 
(Kumari et al. 2019), loading of lamellar continental 
shales (Duan et al. 2022), cyclic hydraulic fracturing 
for geothermal reservoir stimulation (Li et al. 2022), 
drainage technology of CBM fields (Xue et al. 2022), 
mechanical failure of hydrate-bearing sediments (Hou 
et  al. 2022), and wellbore stability during drilling 
(Wang et  al. 2022b).Yet, the studies of detachment 
of a single reservoir fines by breakage and the migra-
tion-induced permeability decline are not available.

However, transport in porous and fractured media 
strongly depend on colloidal detachment, migration, 
straining, and consequent permeability decline (Chen 

et al. 2008; Teitelbaum et al. 2022; Cao et al. 2023). 
The permeability decrease yields well productivity 
and injectivity decline, while preferential permeabil-
ity decline in high-conductivity layers and patterns of 
natural reservoirs uniformises the flux and increases 
sweep efficiency (Bedrikovetsky 2013). Mineral dis-
solution and precipitation reactions during injection of 
 CO2 or hydrogen into underground gas storages, cause 
fines mobilisation and migration; the resulting sweep 
enhancement leads to the storage capacity increase 
(Iglauer et al. 2015, 2021, 2022; Alzate-Espinosa et al. 
2023). Detachment of colloidal and nano particles 
highly affects oil and gas production under migration 
of natural reservoir fines, water injection into aquifers 
and petroleum reservoirs, geothermal energy recov-
ery, coal bed methane production, storage of fresh and 
hot water in aquifers, propagation of contaminants, 
bacteria and viruses, invasion of ocean into aquifers, 
soil erosion and construction collapse, and analysis of 
seismic earthquake events (Zhao et al. 2014; Fox et al. 
2018; Drummond et al. 2019; Hu et al. 2021; Lehman 
et al. 2021; Liao et al. 2021; Lu et al. 2021; Sun and 
Xiang 2021; Wurgaft et al. 2021).

Typical migrating fines comprise clays, while silt, 
silica, and coal particles can be mobilised too (Fox 
et al. 2018; Farrell et al. 2021; Cao et al. 2023). Two 
types of natural fines are distinguished in the rocks: 
authigenic fines, that have been grown up on the grain 
surfaces during geological times and are bonded to 
the surface, and the detrital fines that have been car-
ried by subterranean waters to a given reservoir point 
and attached to the rock surface (Wilson and Pittman 
1977; Appelo and Postma 2004; Farrell et al. 2021). 
Detrital kaolinite is attached to the grain surface by 
electrostatic attraction (Fig. 1a), while the authigenic 
kaolinite bond the grain surface (Fig. 1b). The detach-
ment of detrital particles against electrostatic attrac-
tion and authigenic particles by breakage, under high 
velocities in pore throat is presented in Fig. 1c.

Figures  2 and 3 present evidence of the fines 
breakage off the grain surfaces due to viscous flow. 
Figure 2 shows a number of pores before and after the 
flow; breakage of the matrix with liberation of some 
fines is indicated by the arrow 3.

Figure  3 presents SEM image of fines collected 
from the effluent during  CO2 flood. The image shows 
a kaolinite fine, likely detached by breakage of the 
carbonate-cement particle-grain bond, and the quartz 
particle detached against the electrostatic attraction.
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Current mathematical and lab modelling for 
detachment of detrital fines is based on the mechani-
cal equilibrium of a particle situated on the solid sub-
strate; Fig. 1a shows drag, electrostatic, lift, and grav-
ity forces exerting on an isolated particle. Presence of 
a second phase adds capillary force, which is wetta-
bility dependent (Roshan et  al. 2016; Siddiqui et  al. 

2019). The linear-kinetics model for fines detachment 
assumes that detachment rate is proportional to the 
difference between current and equilibrium reten-
tion concentrations, with an empirical proportionality 
coefficient that is equal to the inverse of detachment 
time (Bradford et  al. 2013; Johnson and Pazmino 
2023). In the alternative theory, the maximum reten-
tion concentration of the attached fines, as a function 
of velocity, salinity, temperature, and pH, defines 
fines detachment (Bedrikovetsky et  al. 2011, 2012). 
This maximum retention function (MRF) closes the 
system of governing equations for colloidal transport 
in porous media and yields several exact solutions 
for 1D flows (Polyanin 2002; Polyanin and Zaitsev 
2012). The MRF model has been validated by exten-
sive laboratory studies and is widely used for predic-
tion of colloidal transport (Yuan and Shapiro 2011; 
Guo et  al. 2016; Yuan and Moghanloo 2018, 2019; 
Zhai and Atefi-Monfared 2021).

Detachment of authigenic fines by breakage under 
flows in porous media has been observed by Turner 
and Steel (2016) and Wang et al. (2020) during well 
acidizing, by Tang et  al. (2016) and Othman et  al. 
(2018) for cement dissolution in sandstones, by Hadi 

Fig. 1  Detachment for detrital and authigenic clay particles: a 
force (torque) balance at attached detrital fine; b representation 
of attached authigenic particle by deformable beam (Obermayr 

et  al. 2013); c schematic for detachment against electrostatic 
attraction and by breakage at the pore scale

Fig. 2  Evidence of fines 
detachment from the rock 
by breakage: a prior to 
viscous flow; b after the 
flow. In a and b, arrow 3 
delineates breakage of a 
grain’s structure (Wang 
et al. 2022d)

Fig. 3  SEM images a quartz fine (right) and kaolinite fine 
with carbonate cement (left) produced from Berea core sample 
during 60  g/L NaCl water-saturated super critical  CO2 injec-
tion (Othman et al. 2019)
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et al. (2019) for carbonate rock dissolution in water, 
by Mishra and Ojha (2016) during sand production, 
and by Liu et al. (2019) for hydraulic fracturing. Yet, 
a geo-mechanical analysis and mathematical model 
for authigenic particle detachment and migration is 
not available.

The current paper fills the gap. A novel micro-
scale model for authigenic particle detachment is 
derived by integration of beam theory of elastic 
particle deformation and strength failure with vis-
cous flow model around the attached fines. Intro-
duction of tensile-stress and tensile-shear diagrams 
allows determining the regime of particle-rock-
bond failure. The breakage condition has a form of 
breakage velocity versus micro-scale geo-mechan-
ical parameters, which yields maximum concen-
tration of authigenic particles versus velocity, that 
closes the system of governing equations. We suc-
cessfully match 16 coreflood tests under piecewise-
constant increasing rate by the analytical model 
for colloidal flow with breakage; the data are taken 
from the literature. The laboratory-based analyti-
cal model for particle detachment by breakage (i) 
shows feasibility of authigenic fines mobilisation 
in geological faults, (ii) allows calculating the 
fraction of detachable authigenic fines in natural 
rocks and estimation the range of breaking veloci-
ties, (iii) permits predicting of well productivity 
decline, and (iv) claims that fines breakage is feasi-
ble in major geo-energy technologies.

Figure  4 illustrates the structure of the paper. 
Section  2 derives the microscale mechanical con-
ditions of attached fines mobilisation by breakage. 
Section 3 defines maximum retention concentration 
(MRF) for authigenic fines as a rock-scale model 
for fines mobilisation by breakage and the ana-
lytical model for 1D flows. Section  4 matches the 
laboratory coreflood data by the analytical model 
and validates the breakage-detachment model. Sec-
tion 5 investigates breakage of authigenic clays in 
geological faults. Section  6 determines the frac-
tions of detachable fines and of authigenic particles 
using the analytical model. Section  7 recalculates 
lab results into the well-productivity data. Sec-
tion  8 investigates the feasibility of fines break-
age in various technological geo-energy processes. 
Section 9 discusses the limitations of the developed 
breakage-detachment model. Section 10 concludes 
the paper.

2  Model for beam deformation under creeping 
flow

Derivation of the microscale model for fines detach-
ment by breakage during viscous flow encompasses 
mechanical equilibrium of attached particle (Sect. 2.1 
and Appendix  1), expressions for stress maxima 
(Sect. 2.2 and Appendix 2), and graphical classifica-
tion of the breakage regimes (Sect. 2.3).

Fig. 4  The logic diagram of this work: a breakage criteria 
based on elastic beam theory; b maximum retention concen-
tration of attached particles based on the breakage criteria; c 

matching the lab data by the analytical model, which is based 
on maximum retention function; d lab-based well impedance 
prediction



 Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:89 

1 3

   89  Page 6 of 28

Vol:. (1234567890)

2.1  Definition of mechanical equilibria of detaching 
particles

The model assumes single-phase flow of Newtonian 
fluid around an elastic particle of spheroidal form 
with circular contact area between the particle and 
the rock, negligible effect of particle deformation 
on the drag and its moment, and negligible stresses 
in the particle outside its stem (beam) part. The lift 
and gravitational forces are negligible if compared 
with the drag. Particles exhibit brittle behaviour with 
breakage. The failure criterium is the point where the 
tensile (shear) exceeds the strength the tensile (shear) 
stress.

The microscale model of a single fine detachment 
by breakage, presented in this section, integrates beam 
theory for elastic cylinder deformation (Timoshenko 
and Goodier 1970) with strength failure criteria for 
particle-rock bond (Fjaer et  al. 2008; Jaeger et  al. 
2009) and creeping flow around the particle (Tu et al. 
2018). The model assumes negligible lift exerting the 
particle from the flux and low beam deformations 
under slow Darcy’s flows in porous media. We dis-
cuss spheroidal and thin-cylinder shapes for kaolinite, 
chlorite, and silica fines, and long cylinders for illite 
fines (Appelo and Postma 2004). A circular particle-
rock contact area is assumed. The rock deformation 
outside the beam stem is significantly lower than 
beam deformation; this supports the assumption that 
maximum stress in the contact particle–substrate area 
due to drag is fully determined by the deformation of 
the cylindric beam with the base on substrate (Ober-
mayr et  al. 2013; Wagner et  al. 2016; Chen et  al. 
2022) (Fig.  1b). Following the lab data by Abou-
sleiman et  al. (2016), Han et  al. (2019), Yang et  al. 

(2019), Feng et  al. (2020), Ren et  al. (2021), brittle 
breakage of the particle–substrate bond is assumed.

Drag Fd and its moment Mb for oblate spheroidal 
and cylindric particles are extensions of the Stokes 
formula that is valid for spheres (Ting et  al. 2021, 
2022). The dimensionless shape factors are calcu-
lated from numerical solution of Navier–Stokes flow 
around the particle:

where a and b are the semi-major and semi-minor of 
spheroid, respectively, αs is the aspect ratio, μf is the 
fluid viscosity, rs is the particle radius, and V is the 
interstitial flow velocity. We derive the empirical for-
mulae for drag and torque factors—fd(αs) and fM(αs)—
for long cylinders, given by Eqs. (20) and (21), based 
on numerous runs of CFD software ANSYS/CFX.

The drag and torque (1) determine an external load 
in Timoshenko’s solution for elastic beam, given by 
Eqs. (22–25). More detailed formulation of 3D elas-
ticity problem is available from Hashemi et al. 2023a. 
The principal stresses σ1, σ2, and σ3 are calculated as 
eigen values of the stress tensor (26); their maxima 
are determined using the Mohr circles and are deter-
mined by Eq. (27). Finally, maximum tensile (σ) and 
shear (τ) stresses are:

The expressions for tensile and shear stresses over the 
beam base follow from the solution of elastic beam 
deformation (22–25); here axi are shown in Fig. 1b:

(1)

Fd = 6��f rsVfd
(
�s
)
,

Mb = FdbfM
(
�s
)
= 6��f rsVfd

(
�s
)
bfM

(
�s
)
,

�s =
b∕a

(2)max � = �3, max � =
�1 − �3

2

(3)�3

T0
=

1

�

⎛⎜⎜⎝
X −

�
X2 + �

�
1 − X2 −

(1 − 2�)

(3 + 2�)
Y2

�2

+ �
4(1 + 2�)2

(3 + 2�)2
(XY)2

⎞⎟⎟⎠

(4)
�1 − �3

2S0
=

�

�

√
X2 + �

(
1 − X2 −

(1 − 2�)

(3 + 2�)
Y2

)2

+ �
4(1 + 2�)2

(3 + 2�)2
(XY)2
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where X and Y are dimensionless coordinates, T0 and 
S0 are the tensile and shear strengths, respectively, 
and ν is the Poisson ratio. Here the dimensionless 
groups κ, χ, and η reflecting the interaction between 
the creeping flow around an attached particle and 
elastic deformation inside the particle—strength-
drag number κ, shape-Poisson number χ, and strength 
number η—are defined as

(5)

1

�
=

Fd

2T0

rbbfM

I
=

Fd

2T0

��sfM

I
,

� =

[
rb

bfM

3 + 2�

4(1 + �)

]2
, � =

T0

S0
, � =

rb

a
,

X =
x

rb
, Y =

y

rb

where rb is the bond radius, I is the moment of iner-
tia, and x and y are dimensional coordinates.

The strength-drag number κ is proportional to the 
ratio between the tensile strength T0 and the average 
pressure imposed by drag and incorporates the bond 
δ and aspect αs ratios. The shape-Poisson number χ 
includes the bond δ and aspect αs ratios along with 
the Poisson’s ratio υ.

Breakage of particle-rock bond is defined by the 
strength failure criterium, where either tensile or 
shear stress reaches the corresponding strength value; 
this maximum normalised stress becomes equal to 
one, while another normalised stress remains less 
than one upon the breakage (Jaeger et al. 2009):

Fig. 5  Maximum dimensionless stresses at the beam base ver-
sus shape-Poisson number χ: a maximum tensile stress along 
the axes Y = 0; b maximum tensile stress at the beam bound-

ary; c maximum shear stress along the axes Y = 0; d Maximum 
shear stress along the beam boundary
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2.2  Derivation of stress maxima

Consider maxima of both tensile and shear stresses, 
which are given by Eqs. (3, 4). The detailed deri-
vations are presented in Hashemi et  al. (2023a). If 
maxima points (Xm,Ym) are located inside the base 
circle, Xm

2 + Ym
2 < 1, partial derivatives of both 

expressions (3, 4) over Y must be zero. It is possi-
ble to show that only along the middle of the beam 
base Y = 0, partial derivatives over Y are equal zero 
and second partial derivatives over Y are nega-
tive. Therefore, all maxima inside the base circle 
Xm

2 + Ym
2 < 1 are reached along the middle of the 

base, i.e., axis Y = 0. Otherwise, tensile or shear 
stresses reaches maxima at the beam base over the 
boundary Xm

2 + Ym
2 = 1.

The stresses along the beam middle and its bound-
ary are functions of variable X alone. The profiles for 
tensile stress in the middle of the beam, tensile stress 
at the beam boundary, and shear stress at the bound-
ary are shown in Fig. 5a, d, and g, respectively. Fig-
ure 5b, e, and h show the point Xm where maximum is 
reached, for those 3 cases. Figure 5c, f, and i present 
the maxima values.

Tensile stress T0(X,χ) reaches maximum in the 
advanced point Xm =  − 1 and then monotonically 
decreases for small shape-Poisson numbers. At the 
bifurcation value χ1 = 3.38 the profile reaches second 
maximum at Xm1 =  − 0.33. For χ > χ1, maximum point 
moves to the right, and maximum increases. Maxi-
mum point Xm and corresponding tensile stress maxi-
mum T0

m depend on shape-Poisson number alone. 
The maximum point and its value are calculated from 
the conditions of zero first derivative and negative 
second derivative in X:

(6)

max
X2+Y2≤1

−�3(X,Y)

T0

≤ 1, max
X2+Y2≤1

�1(X,Y) − �3(X, Y)

2S0
≤ 1

(7)T0
m
(𝜒) =

1

𝜅

�
2, 𝜒 ≤ 𝜒1

−Xm(𝜒) +

�
X2
m
+ 𝜒

�
1 − X2

m

�2
, 𝜒 > 𝜒1

; Xm =

⎧⎪⎨⎪⎩

−1, 𝜒 ≤ 𝜒1

−

�
−

√
(4𝜒−1)(4𝜒−9)−4𝜒+3

8𝜒
, 𝜒 > 𝜒1

Profile of tensile stress over the beam boundary also 
depends on parameter ξ alone that incorporates χ and 
υ:

The profile for T1(X,ξ) reaches maximum at advanced 
point Xm =  − 1 and monotonically decreases for 
X >  − 1 from advanced point Xm =  − 1 for small ξ. 
From bifurcation value ξ = 2 on, T1(X,ξ) loses mono-
tonicity, maximum point Xm moves from advanced 
point Xm =  − 1 to the right.

At low χ, maximum for shear in the base middle is 
reached at advanced and receded points. This occurs 
until bifurcation value χ = 1, where Xm jumps into the 
origin Xm = 0. For χ > 1, the maximum point for shear 
stress in the base middle remains in origin and mono-
tonically increases:

Maximum of shear over the boundary is lower than 
the shear maximum in the base middle for all val-
ues of shape-Poisson numbers and Poisson’s ratio—
S1

m(χ,υ) < S0
m(χ,υ)—and is not considered to fulfil 

failure criteria.
Equations  (7–9) show that stress maxima along 

the axis Y = 0 are determined by aspect-Poisson num-
ber χ alone, while the maxima at the beam boundary 

(8)

T1

m
(𝜒 , 𝜈) =

1

𝜅

{
2, 𝜉 ≤ 2

𝜉(𝜉 − 1)−0.5, 𝜉 > 2
;

Xm =

{
−1, 𝜉 ≤ 2

−(𝜉 − 1)−0.5, 𝜉 > 2
;

𝜉 = 𝜒
4(1 + 2𝜐)2

(3 + 2𝜐)2

(9)
S0
m
(𝜒) =
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;
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T0
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are determined by both aspect-Poisson number χ and 
Poisson’s ratio υ.

2.3  Classification of breakage regimes

Depending on shape-Poisson number and Pois-
son’s ratio, either of three stresses (7), (8), or (9) can 
exceed the other two and fulfil the strength failure 
criteria (6). Let us first define the largest from the 
two tensile stress maxima, (7) or (8). Their equality 
T0

m(χ,υ) = T1
m(χ,υ) divides plane (χ,υ), which fur-

ther in the text we call tensile stress diagram, into 5 
regions. Black curve corresponds to ξ = 2. Blue and 
red curves are calculated from Eqs. (7) and (8) for 
ξ > 2:

and correspond to positive and negative values of the 
root in Eq. (10). Along the red curve, inequality ξ > 2 
holds, while domain V is located below black curve, 
so the red curve must be ignored.

The black curve, the vertical straight line χ = χ1, 
and the blue curve divide (χ,υ) plane into 5 domains, 
depending on superiority of either of the two tensile 
stress maxima (Fig. 6a). The three lines cross in one 
point (χ = χ1,υ = υ1) where υ1 = 0.125 is obtained from 
Eq. (10).

(10)

�m(�) =

3

��
�T0

m
(�)

�2
± �T0

m
(�)

��
�T0

m
(�)

�2
− 4 −

√
8�

4
√
2� − 2

��
�T0

m
(�)

�2
± �T0

m
(�)

��
�T0

m
(�)

�2
− 4

Now let us determine whether shear S0
m exceeds 

maximum of two tensile stresses. Define the breakage 
regime function

At breakage, maximum normalised stress is equal 
one. Therefore, as it follows from Eq. (6), the break-
age occurs due to tensile stress if g(χ,υ) > η. Other-
wise, the breakage occurs due to shear stress. Further 
in the text, (χ,η)-plane with the curve η = g(χ,υ) is 
called the shear-tensile diagram (Fig. 6b).

For all χ and υ values, breakage regime function 
exceeds one and does not exceed two. Depending on 
stress η and shape-Poisson numbers, and Poisson’s 
ratio, the breakage curve exhibits 4 cases presented in 
plane (χ,η):

 I. For strength ratios exceeding 2, particles are 
detached by shear stress for all values of χ and υ;

 II. For strength ratios below two and above one, the 
particles are detached by shear stress for shape-
Poisson number χ that does not exceed the value 
determined by g(χ,υ) = η;

 III. For strength ratios below two and above one, the 
particles are detached by tensile stress for shape-
Poisson number χ that exceeds the value deter-
mined by g(χ,υ) = η;

(11)
g(𝜒 , 𝜈) =

Tm(𝜒 , 𝜐)

S0
m
(𝜒)

>
T0

S0
= 𝜂;

Tm(𝜒 , 𝜐) = max
{
T0
m
(𝜒), T1

m
(𝜒 , 𝜐)

}

Fig. 6  Classification of 
bond breakage regimes by 
tensile and shear stresses: 
a tensile stress diagram; b 
shear-tensile diagram
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 IV. For strength ratios lower than one, particles are 
detached by tensile stress for all values of χ and 
υ.

So, either of the 5 domains in tensile-stress diagram 
determines maximum tensile stress, and then either of 
the 4 cases in tensile-shear diagram determines which 
stress causes the breakage. For either of three stress 
cases (7), (8), or (9), the normalised stress is equal 
one, allowing calculating stress-drag number κ. For 
the cases of domination of normalised tensile stress in 
the middle, tensile stress on the boundary, and shear 
stress in the middle, the formulae for strength-drag 
numbers κ are:

(12)𝜅 =

⎧
⎪⎪⎨⎪⎪⎩

2, 𝜒 ≤ 𝜒1

�
−

√
(4𝜒−1)(4𝜒−9)−4𝜒+3

8𝜒
+

������
��

−
√
(4𝜒−1)(4𝜒−9)−4𝜒+3

8𝜒

�2

+ 𝜒

⎛
⎜⎜⎝
1 −

��
−

√
(4𝜒−1)(4𝜒−9)−4𝜒+3

8𝜒

�2⎞
⎟⎟⎠

2

𝜒 > 𝜒1

(13)

𝜅 =

{
2, 𝜉 ≤ 2

𝜉(𝜉 − 1)−0.5, 𝜉 > 2
; 𝜉 = 𝜒

4(1 + 2𝜐)2

(3 + 2𝜐)2

(14)𝜅 =
T0

S0

�
1, 𝜒 < 1√
𝜒 , 𝜒 > 1

,

3  Macroscale model for fines migration 
with detachment by breakage

This section defines rock-scale model for detach-
ment of authigenic fines by breakage (Sect. 3.1) and 
its implementation into transport equations for the 
authigenic particles (Sect. 3.2).

3.1  Maximum retention function as a rock-scale 
detachment model

Substitution of drag from Eq.  (1) into the expres-
sion for strength-drag number (5) allows for exact 
expression for the breakage velocity:

where κ is given by either of Eqs. (12–14). Consider 
the manifold of the particles attached to rock surface. 
The particles are stochastically distributed by fluid 
velocity around them near to asperous rock surface in 
pores of different forms and sizes, aspect, Poisson’s, 

(15)Ub
cr
=

��T0r
2
b

12�sfMfd�f rs
�−1

Fig. 7  DLVO energy profiles: a coal fines and coal substrate; b kaolinite fines and silica substrate
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and bond ratios, sizes, strength, and bond radii. How-
ever, Eq. (15) determines the critical breakage veloc-
ity for each particle, defining whether the particle 
remains attached or breaks off the rock at a given flow 
velocity U. The concentration of the particles attached 
to rock at a given velocity is called the breakage max-
imum retention function (MRF) σb

cr(U). MRF can 
be obtained by upscaling of Eq.  (15) accounting for 
probabilistic distributions of coefficients δ, rb, αs, and 
rs.

The maximum retention function for detachment 
against electrostatic DLVO attraction for detrital par-
ticles is determined by the torque balance between 
drag and electrostatic DLVO forces (Bradford et  al. 
2013):

where h is the distance between the particle and sub-
strate and νc is the Coulomb friction coefficient.

Figure 7 presents the energy profile for the DLVO 
forces (Israelachvili 2015). Figure  7a shows the 
potential for coal fines and substrate with one energy 
minimum, while Fig.  7b shows two minima of the 
energy profile. During favourable attachment, the par-
ticle moves to the left from zero energy state to a sin-
gle primary minimum. During unfavourable attach-
ment, the particle moves to the left from zero energy 
to shallow secondary energy minimum and needs 
to overcome the energy barrier to get into primary 
energy minimum (Fig. 7b).

Assuming that authigenic and detrital fines detach 
independently, the overall MRF is the total of indi-
vidual ones:

The total MRF defines the mobilised concentration 
by velocity increase from Un−1 to Un. After mobili-
sation, the detached fines migration is described by 
system of population balance accounting for particle 
capture by the rock. MRF defines initial concentration 
of detached particles after abrupt change of flow rate.

(16)
Mb = 6��f rsVfd

(
�s
)
bfM

(
�s
)
= Fe(h)ln,

Fd = 6��f rsVfd
(
�s
)
= �CFe(h),

(17)
�cr(U) = �e

cr
(U) + �b

cr
(U), Δ�

(
Un

)
= �cr

(
Un−1

)
− �cr

(
Un

)

3.2  Macroscale analytical model for colloidal 
transport in porous media

1D problems for fines migration with any arbitrary 
particle capture (filtration) function λ(σs) and suspen-
sion function f(c) allow for exact solutions (Polyanin 
and Manzhirov 2006; Polyanin and Zaitsev 2012). 
In the case of continuous rate increase, MRF deter-
mines the sources term in mass balance, closing the 
governing system for colloidal-suspension transport 
(fines migration) in porous media (Bedrikovetsky 
et al. 2019). Here, for the sake of simplicity, we dis-
cuss the model with constant filtration coefficient 
λ = const and f(c) = c, in order to treat the limited lit-
erature information on the corefloods with piecewise-
constant increasing velocity.

Appendix  3 presents system of governing equa-
tions, which consists of the mass balance of sus-
pended and strained particles (30), straining rate 
(31), and Darcy’s law accounting for permeability 
decline due to particle straining (32). For the case 
the corefloods with piecewise-constant increasing 
velocity U0 = 0, U1, U2…, fines detachment occurs at 
moments of switching from velocity Un-1 to Un, n = 1, 
2, 3…, which is expressed by initial condition (33). 
The exact solution for 1D flow problem is expressed 
by Eqs. (35) and (36). The exact solution allows for 
explicit expression of impedance (38). Next sec-
tion uses Eqs. (35) and (38) to treat the lab data on 
breakthrough concentration c(1,t) and dimensionless 
pressure drop (impedance) J(t) measured during the 
multi-rate corefloods.

4  Laboratory study and model validation

Huang et  al. (2017) used core sample from a coal 
seam reservoir located in the southern part of the 
Qinshui Basin (China) for coreflooding. The labora-
tory study was comprised of water injection with 2% 
(weight percent) of KCl into the anthracite coal core 
with permeability 21 mD and porosity 0.08. Core 
length was 5.16 cm. Figure 8 shows lab data during 
application of eight injection rates. The breakthrough 
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Fig. 8  Matching lab data on authigenic and detrital fines 
migration in coal cores: a accumulated breakthrough concen-
trations for 8 flow rates; b impedance; c detached particle con-
centration under each of 8 rates; d approximation of detached 

density function by the total of two log-normal distributions; 
e maximum retention functions (MRFs) for detrital and authi-
genic fines, and the total MRF
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Table 1  The tuning result of matching accumulated concentration and impedance

U (m/s) 3.97 ×  10−5 5.27 ×  10−5 7.34 ×  10−5 1.03 ×  10−4 1.16 ×  10−4 1.23 ×  10−4 1.42 ×  10−4 1.58 ×  10−4

α 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3 4.7 ×  10−3

β 0.71 ×  105 1.94 ×  105 1.94 ×  105 1.28 ×  105 0.92 ×  105 0.65 ×  105 0.65 ×  105 0.78 ×  105

λ (1/m) 647.87 639.15 625.5 606.49 598.64 593.73 582.32 572.69
Δσ 3.03 ×  10−6 2.97 ×  10−6 2.02 ×  10−6 2.16 ×  10−6 2.18 ×  10−6 1.62 ×  10−6 9.45 ×  10−7 1.02 ×  10−6

R2(Cacc) 0.92 0.95 0.93 0.78 0.94 0.91 0.92 0.92
R2(J) 0.92 0.55 0.87 0.80 0.98 0.98 0.99 0.98

Fig. 9  Matching lab data on authigenic and detrital fines 
migration in sandstone cores: a accumulated breakthrough 
concentrations for 6 flow rates; b detached particle concentra-
tion under each of 6 rates; c approximation of detached density 

function by the total of two log-normal distributions; d maxi-
mum retention functions (MRFs) for detrital and authigenic 
fines, and the total MRF
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concentration and pressure drop across the core, have 
been measured during the overall test. Figure  8a 
shows breakthrough concentration data and their 
matching by the model. Figure 8b presents the history 
of impedance.

Figure  8a shows exponential growth of the accu-
mulated breakthrough concentrations, which cor-
responds to exponential decrease of the momentum 
breakthrough concentrations cn(x = 1,t). This behav-
iour is typical for deep bed filtration of low-concen-
tration colloids with constant filtration coefficient 
(Chen et al. 2008; You et al. 2015).

The mathematical model (30–34) contains four 
dimensionless parameters—the drift delay factor, α, 
the formation damage factor, β, the filtration coeffi-
cient, λ, and the detached concentration during each 
stage, Δσ(Un)—which must be tuned for each flow 
rate Un, n = 1, 2 … 8. Table  1 presents the tuning 
results. Figure  8c shows the tuned and measured 
values of detached particle concentrations. The 
probabilistic density of velocity distribution of the 
detached fines are presented in Fig. 8d. The PDF is 
bimodal, which is attributed to fines detachment by 
breakage and against electrostatic forces, where the 
particles are authigenic and detrital, respectively. 
The PDF allows the approximation by the total of 
two log-normal distributions with high accuracy. 
Figure  8e shows two individual MRFs and their 
total, which is MRF for the overall colloid. Eight 
experimental points for the total detached concen-
trations match well with the accumulated MRF 
curve.

Tensile strength T0 along with the bond radius rb 
can be calculated from Eq.  (15) and the histogram 
for detachment velocity (Fig.  8d). Assume the typi-
cal value of coefficient of variation of the bond radius 
as Cv = 0.03 (Ting et al. 2022). Equation (15) can be 
used for mean detachment velocity, which is taken 
from the breakage-velocity histogram in Fig.  8d—
Ub

mean = 1.21 ×  10−4  m/s. Minimum value of detach-
ment velocity—Ub

min = 0.63 ×  10−4 m/s—corresponds 
to minimum value of bond radius, which can be esti-
mated as rb(1–3Cvrb). Applying Eq.  (15) to mean 
and minimum breakage velocities allows calculating 
two unknowns T0 = 0.03  MPa and rb = 3.0 ×  10−7  m. 
Stability of calculations of tensile strength and bond 
radius from mean and minimum breakage velocities 
is determined by high difference in their values—
Ub

mean is 1.92 times higher than Ub
min.

Torkzaban et  al. (2015) conducted lab tests on 
consolidated (sandstone) core sample from the Yar-
ragadee Formation (Perth Basin, Western Australia). 
The laboratory study was comprised of water injec-
tion with concentrations 47 mg/L of sodium chlorite 
and 9  mg/L of calcium chlorite into the sandstone 
core with permeability 2697 mD and porosity 0.32. 
Core length was 7 cm. Figure 9 shows lab data during 
application of six injection rates. Table 2 presents the 
results of tuning the model coefficients. The break-
through concentration has been measured during the 
overall test. The data on pressure drop across the core 
are not available from the original paper.

Figure 9 shows lab data and their matching by the 
model (30–34) during application of six injection 
rates: breakthrough concentration data (Fig.  9a), 
detached concentrations at each rate (Fig. 9b), den-
sity distributions for detachment velocity for authi-
genic and detrital fines (Fig.  9c), and individual 
MRFs for authigenic and detrital fines along with 
overall MRF.

Like in the previous test, the detachment velocity 
distribution has a clear bimodal structure, which also 
supports the two-population hypothesis.

Table 2 presents the tuning results for dimension-
less parameters—α, β, λ, and Δσ(Uk)—which have 
been determined for each flow rate Uk, k = 1, 2 … 8.

Applying Eq. (15) for mean and minimum detach-
ment velocities, which are taken from the histo-
gram in Fig.  9c—Ub

mean = 2.75 ×  10−3  m/s and 
Ub

min = 1.22 ×  10−3  m/s, respectively—we obtain 
T0 = 0.56 MPa and rb = 1.35 ×  10−7 m.

For both tests, the tuned parameters vary within 
common intervals, earlier presented in the literature 
(Chen et  al. 2008; Bradford et  al. 2013; You et  al. 
2015; Guo et al. 2016). The obtained tensile strength 
for kaolinite is also typical (Han et  al. 2019; Yang 
et  al. 2019). The detached concentrations Δσcr(U) 
versus velocity for both kinds of particles increases at 
small rates from zero and declines at high velocities, 
which complies with typical form of the maximum 
retention curve (Bedrikovetsky et  al. 2011, 2012). 
High values of the coefficient of determination show 
high match between the experimental and modelling 
data, which validates the model.

Close match by single-population model has been 
achieved for lab data of 16 corefloods with piece-
wise-constant increasing rates (Table  5). The tuned 
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parameters have the same order of magnitude as those 
presented in Tables 1 and 2.

5  Breakage of authigenic clays in geological faults

Mobilization and migration of authigenic clays cause 
the permeability decrease in geological faults and 
faulted zones, which is important for sealing capaci-
ties of  CO2 and hydrogen storage, and for interpreta-
tion of various seismic events (Farrell et  al. 2021). 
Let us discuss whether authigenic clay detachment by 
breakage due to viscous water flux under fault condi-
tions is feasible.

Table 3 presents water velocities in faults in differ-
ent basins as reported in papers the referred papers. 
Papers by Matthäi and Roberts (1996), Liu et  al. 
(2018), and Yu et al. (2020) took the velocity values 
from the basin data to use in simulation, via paper 
by Eichhubl and Boles (2000) retrieved the velocity 
directly from tracer test, and paper by Maloszewski 
et al. (1999) inferred it by the size of entrained rock 
fragments. Maloszewski et  al. (1999) present the 
probability distribution function (PDF) for velocity 
detachment by breakage and the velocities of water in 
faults as presented all 5 papers. The data for calcula-
tions are presented in Table 4 and taken from publica-
tions Ting et al. (2021) and Farrell et al. (2021). Ting 
et  al. (2021) shows that particle radius, aspect ratio, 
bond radius and their variation coefficients, presented 

in Table  4, are the most influential parameters on 
PDF.

Figure 10 shows that breakage of kaolinite in the 
case 1 almost does not occur; some authigenic fines 
are broken in the case 2. Significant part of authigenic 
fines is broken in the case 3. In the cases 4 and 5, all 
authigenic particles are detached by breakage.

6  Determining the fractions of detachable clays 
and authigenic fines in rocks

Tuning the model coefficients by matching the lab 
coreflood data by the analytical model for 1D deep 
bed filtration with constant filtration coefficient λ, 
given by Eqs. (34–38) allows calculating the frac-
tion of detachable fines with respect to initial clay 
content in the rock (column 9 in Table 5), fraction 
of detached fines produced during corefloods (col-
umn 10), and fraction of authigenic fines in the 

Table 2  The tuning result 
of matching accumulated 
concentration

U (m/s) 9.26 ×  10−5 3.4 ×  10−4 6.7 ×  10−4 1.74 ×  10−3 2.4 ×  10−3 4.8 ×  10−3

α 4.1 ×  10−2 4.11 ×  10−2 4.11 ×  10−2 4.13 ×  10−2 4.15 ×  10−2 4.2 ×  10−2

β 0 0 0 0 0 0
λ (1/m) 19.52 19.5 19.46 19.36 19.3 19.3
Δσ 2.87 ×  10−4 1.74 ×  10−4 1.01 ×  10−4 2.02 ×  10−4 0.87 ×  10−4 4.54 ×  10−4

R2(Cacc) 0.97 0.78 0.96 0.77 0.97 0.90

Table 3  Flow velocities in 
faults in different basins

No References Basin Velocity, m/s

1 Matthäi and Roberts (1996) Gulf of Mexico Basin, USA 3.2 ×  10−6–3.2 ×  10−4

2 Liu et al. (2018) Anju Coal Mine, China 0.5 ×  10−4–4 ×  10−4

3 Yu et al. (2020) Dongtan Coal Mine, China 1 ×  10−3–1.2 ×  10−2

4 Eichhubl and Boles (2000) Monterey Formation, Coastal 
California, USA

0.01

5 Maloszewski et al. (1999) Lange Bramke Basin, Germany 0.15

Table 4  Particle parameters to calculate PDF for breakage 
velocity

Parameter Mean value Coefficient of 
variation  (Cv)

Particle radius rs (µm) 2 0.17
Aspect ratio αs 0.65 0.17
Tensile strength T0 (Mpa) 0.2 –
Bond radius rb (µm) 0.16 0.02
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overall detachable fines (11th column). Table  5 
presents the results of 16 coreflood data matching. 
Tests 1–3 have been performed by Ochi and Ver-
noux (1998), test 4—by Torkzaban et  al. (2015), 
tests 5 and 6—by Shang et  al. (2008), tests 7, 8—
by Huang et al. (2017), tests 9, 10—by Huang et al. 
(2018), test 11—by Guo et al. (2016), tests 12–14—
by Huang et  al. (2021), tests 15, 16—by Hashemi 
et al. (2022, 2023a).

The fraction of detachable fines in consolidated 
rocks and high-salinity water injection varies from 
0.01 to 0.19% (Lines 1–3, 6–11, 15, and 16), which 
agrees with the previously published data (Russell 
et al. 2017). This percentage is so low due to small 
fraction of clay particles located at the rock sur-
face, where they are accessible to water flux; vast 
majority of clays are located inside the rock skel-
eton and matrix. In grinded rocks and high-salinity 
water injection, the fraction increases up to 19–75% 
(Lines 12–14) due to high accessibility of grain 
surfaces to the water flux in porous space. In high 
porosity sandstone and packed sediment, the frac-
tion increases to 18 and 90% under low-salinity and 
deionized water injection (Lines 4 and 5, respec-
tively) due to disappearance of DLVO particle-rock 
attraction at low salinities.

The fraction of authigenic fines of the overall 
concentration of detached fines varies from 0.36 to 
0.83. For those rocks, the ratio between the maxi-
mum rate at the coreflood and minimum breakage 
velocity exceeds one, indicating fines b) break-
age (11th column in Table 5). Authigenic particles 

haven’t been observed in packed sediments and in 
artificial packed sediment cores (Lines 5, 6 and 9, 
10, respectively). In other 12 cases, the minimum 
breakage velocity is below the maximum veloc-
ity applied in the corresponding test, so authigenic 
fines have been observed in the production.

The breakage velocity of authigenic fines is 
widely distributed—11th column of Table 5 shows 
that the ratio of maximum and minimum breakage 
velocities varies from 1.2 to 4.5, i.e., the calculation 
method for tensile strength T0 and bond radius rb 
using Eq. (15) is stable.

The analytical model for 1D fines migration with 
constant particle capture (filtration) coefficient λ, 
given by Eq.  (35) for c(x,t), allows calculating the 
ratio between the stabilised accumulated concen-
tration of produced fines and the detached overall 
detached concentration (8th column in Table 5):

so the ratio depends on the dimensionless filtration 
coefficient λL only, where L is the system length. 
Plot of curve (18) and the points from 6th column 
are placed in Fig. 11a. The curve and the 16-test data 
show the clear tendency that the higher is the filtra-
tion coefficient the faster is the particle capture and 
the lower fraction of the mobilised fines is produced. 
The fraction varies from one for zero filtration coef-
ficient, to zero where the filtration coefficient tends to 
infinity. Some point scattering and mismatch with the 
curve is explained by heterogeneous colloid, includ-
ing varying particle properties and different forms 
and capture probabilities for detrital and authigenic 
fines.

The stabilised impedance is also calculated from 
the analytical model (35–38) for

Besides the dimensionless filtration coefficient, the 
stabilised impedance (19) depends on formation dam-
age coefficient β and the detached fines concentration 
Δσ, which explained the scattering of the points in 
Fig. 11b. The curve Jst(λL) increases from 1 at zero 
filtration coefficient to 1 + βΔσ where filtration coef-
ficient tends to infinity. Figure  11b presents three 

(18)
�cacc

�0
=

1 − exp (−�L)

�L
,

(19)J(t → ∞) = Jst = 1 + �Δ�

[
1 −

1 − e−�L

�L

]

Fig. 10  Probability distribution function (PDF) for breakage 
velocity and flow velocities in the geological faults
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curves corresponds to tuning of three lab cases; the 
curves correspond to points with the same colour.

The above plots show how the number of produced 
fines and permeability decline vary with filtration 
coefficient—increase of filtration coefficient yields 
decrease of produced fines and growth of permeabil-
ity damage. Several papers claim insignificant fines 
migration based on the data of low produced concen-
trations. Yet, low produced concentration could be 
due to high filtration coefficient, so fines migration 
must be indicated by the impedance increase along 
with the number of produced fines.

Mineral dissolution chemical reactions weaken 
the rocks, decreasing strength in Eq. (15) and result-
ing in additional fines liberation in situ the reservoir 
yielding the additional sweep enhancement. Those 
increase the fraction of authigenic fines. The dissolu-
tion reactions make  CO2 and hydrogen storages sus-
ceptible to fines breakage.

7  Effects of colloidal breakage detachment 
on reservoir and well behaviour

1D radial problem for fines detachment and flow 
toward well allows for exact solution under constant 
production rate (You et  al. 2015, 2019). Detached 
fines straining results in permeability decline and 
increase of the pressure drop between the well and 
the reservoir. Treatment of 16 coreflood tests, pre-
sented in Table 5, yields calculation of filtration and 
formation damage coefficients along with maximum 
retention functions for detachment against electro-
static forces and by breakage, like it was performed 
in Sect.  4. Implementing these values into the solu-
tion for fines migration in radial flow permits the 

estimation of wellbore impedance as well as the 
relative impacts of authigenic and detrital fines on 
well injectivity. For the parameter values of case 16 
in Table 5 the critical retention function and imped-
ance are presented in Fig. 12a and b respectively. The 
red curves in this plot correspond to the experimen-
tal conditions of the test by Hashemi et  al. (2023a) 
(salinity, γ = 0.6 M, viscosity, μf = 1 cp, and tempera-
ture T = 25 °C). The critical retention function shows 
a clear distinction between the detachment of detrital 
particles at low velocity and detachment of authigenic 
particles for higher velocities. For this σcr(U) curve, 
the corresponding impedance in Fig. 12b is close to 
one, indicating negligible formation damage. This 
is a result of the high velocities required for particle 
detachment.

The conditions of the experimental test are not 
indicative of those in most field injection scenarios. 
Due to explicit calculation of the critical retention 
function based on physical considerations, the effect 
of changing environmental conditions can be exam-
ined by changing relevant parameters. In this way 
the results of experiments can be extended beyond 
the conditions they were performed under. Here we 
consider three different scenarios covering a range of 
applications.

The three cases considered are low salinity (cor-
responding to freshwater recharge wells), high vis-
cosity (corresponding to the injection of fracturing 
fluid), and high temperature (corresponding to geo-
thermal or deep petroleum wells). Changing salinity 
to 0.01 M decreases the velocities required to detach 
detrital particles but has no effect on authigenic par-
ticles, as illustrated by the critical retention function 
in Fig.  12a. Increasing viscosity increases drag and 
lift, increasing detachment of all particles. Lastly 

Fig. 11  Effects of particle 
capture by the rock on 
fines migration: a fraction 
of produced fines in the 
detached concentration ver-
sus dimensionless filtration 
coefficient; b impedance 
(reciprocal to normalised 
average permeability) ver-
sus filtration coefficient
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increasing temperature mostly affects detrital parti-
cles, as it decreases the electrostatic force, but it also 
results in a decrease in the viscosity, slightly affecting 
authigenic particles. All three cases result in larger 
values of impedance as shown in Fig. 12b. This dem-
onstrates the importance of fines migration across a 
range of applications.

Changes of these system parameters clearly do 
not affect authigenic and detrital detachment uni-
formly. Thus, we consider the relative importance 
of each kind of detachment under the three reservoir 
conditions. Impedance curves showing the predicted 
impedance if particles detached only by DLVO (detri-
tal) or breakage (authigenic) are shown in Fig. 13. At 
low salinity, breakage is negligible, and all forma-
tion damage occurs due to detrital particles which 
are weakly held to the rock’s surface at low γ. For 
high viscosity, both detrital and authigenic particles 
contribute to formation damage, with more than half 
of the damage caused by breakage. Lastly, Fig.  13c 
shows that the formation damage at high temperatures 
results almost entirely from the weakening of electro-
static forces.

Geological site selection for  CO2 and hydrogen 
storage highly depends on well performance and stor-
age capacity. Authigenic fines breakage along with 
detrital particle detachment can cause significant 
permeability reduction with detrimental well produc-
tivity and injectivity decline, but to storage capacity 

increase. High velocity in highly permeable layers 
and patterns yields higher fines detachment and per-
meability reduction, resulting in homogenisation of 
injectivity and productivity profiles and, finally, in 
enhanced sweep (Bedrikovetsky 2013). In the case of 
 CO2 injection, sweep increase leads to enhancement 
of the pore volume where capillary, stratigraphic and 
chemical  CO2 capture occurs, increasing the storage 
capacity. In the case of cyclic hydrogen injection and 
production, sweep enhancement results in increase of 
water-free hydrogen production.

The competitive effects of well index decline and 
sweep enhancement with  CO2 and hydrogen storage 
are in odds with each other: the higher is the injec-
tion rate, the higher is the sweep and storage capacity, 
but the higher is the well index decrease. The opti-
mal injection and production rates can be determined 
using the mathematical modelling that includes Eqs. 
(12–15).

8  Breakage of authigenic fines during well 
exploitation

In this section we investigate whether fines breakage 
can occur in the vicinity of production and injection 
wells for different reservoir conditions. Table  6 pre-
sents the data for heavy oil production (Ado 2021), 
polymer injection (Gao 2021), dewatering of coal bed 

Fig. 12  Formation damage during injection of water under different conditions: a critical retention functions, b impedance
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methane (CBM) reservoir (Shi et al. 2008), injection 
of supercritical  CO2 into carbonate reservoir (Spi-
vak et  al. 1989), hydraulic fracturing using water 
as a fracturing fluid (HFW) (Prasetio et  al. 2021), 
hydraulic fracturing using high-viscosity fracturing 
fluid (HF) (Prasetio et al. 2021), natural gas produc-
tion (NG) (Peischl et al. 2015), water production from 
geothermal reservoirs (GWP) (Ishido et  al. 1992), 
water injection into aquifers (WI) (De Lino 2005), 
and water production from aquifers (WP) at low 
and high rates (Kulakov and Berdnikov 2020). The 
data for calculations are taken from those literature 
sources. For all cases, spherical particle shape (αs = 1) 
corresponds to kaolinite booklet; typical fine size is 
taken as rs = 2 μm.

The breakage velocity is calculated using Eqs. 
(12–15) and is given in nineths column. The well 
rates are taken from the corresponding papers. Col-
umn nine shows the velocity on well walls for well 
radius rw = 0.1 m.

The velocity on the well wall exceeds minimum 
breakage velocity for heavy oil production, polymer 
injection, both cases of hydraulic fracturing, produc-
tion of natural gas and geothermal water, water injec-
tion into aquifers and water production from artesian 
well with high rate, so fines breakage can occur under 
those conditions. The velocity on well wall is lower 
than minimum breakage velocity for dewatering in 
CBM,  CO2 injection, and water production with low 
rates.

Fig. 13  Impact on injectivity of detachment via two mechanisms: DLVO (detrital particles) and breakage (authigenic particles) 
under different conditions, a low salinity water injection, b injection of high viscosity fluid, c injection under high temperatures
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Similar effects of well injectivity and productiv-
ity as well as in situ bond strength decline by chemi-
cal reactions occur during geothermal exploitation, 
where fines detachment occurs due to DLVO forces 
decrease at high temperature, and in fractured reser-
voirs that are highly susceptible to fines breakage due 
to high flow velocity (Altree-Williams et  al. 2019; 
Wang et al. 2022c). During water and  CO2 injection 
in carbonate reservoirs, where rock dissolution yields 
massive release of various size particles, the effects 
of particle mobilisation by breakage is expected to be 
significantly more pronounced.

9  Discussions

The current version of the breakage-detachment 
model is limited to single-phase flows. Adding the 
capillary force exerting by menisci on the attached 
fines into torque balance (16) would cover the detach-
ment by breakage during gas flow in shale rocks and 
 CO2 and hydrogen storage (Roshan et al. 2016; Sid-
diqui et  al. 2019). The appropriate two-phase flow 
model accounts for moving interface (Shapiro 2015, 
2018).

The primary limitation of the model is brit-
tle behaviour of the particle–substrate bond during 
breakage; the study of ductile bonds would com-
plicate the failure criteria (6) and phase diagrams. 
Accounting for non-elasticity of the rock and non-
Newtonian fluid, the rheology yields in more complex 
expressions for stress maxima than (12–15); in this 
case the breakage regime will be velocity-dependent.

The model developed in this paper is limited to 
single-population colloidal transport, given by Eqs. 
(30–32) with further separation of MRF into those 
by authigenic and detrital fines, while Hashemi et al. 
(2023a) apply two-population balance model with 
two different filtration functions for authigenic and 
detrital populations. A more general approach would 
encompass multicomponent colloidal transport with 
non-linear fines straining (Bedrikovetsky et al. 2019).

The analytical model for well inflow performance 
under fines migration using the model constants 
obtained from 12 corefloods, where the authigenic 
fines mobilisation have been observed (Table  5), 
yields well index decrease up to 1.4 times. We expect 
significantly higher effects based on more representa-
tive corefloods. Besides, all 16 tests have been per-
formed in sandstones. Significantly higher formation 
damage is expected during waterflooding or  CO2 
injection in carbonates, where rock dissolution yields 
reduction of particle-rock bond radius with conse-
quent bond breakage and massive fines release.

Numerous geomechanics studies determine the 
strength and other failure parameters of the rocks, 
while the bond-breakage criteria in Eq. (12–15) con-
tain those for a single particle and substrate. Those 
measurements require significantly more sophisti-
cated equipment (Su et al. 2022; Roshan et al. 2023). 
Currently, those parameters for mineral particles are 
unavailable. Derivation of the fine-breakage model in 
Sect. 2 may stimulate those experimental studies.

The breakage-detachment models (11–15) and (17, 
33) correspond to particle and rock scales, respec-
tively. The current work does not include a method for 

Table 6  Occurrence of fines breakage in well vicinity

No Well type αs δ υ χ μf (Pa.s) T0,(Mpa) Umin
b (m/s) Uw (m/s)

1 Heavy oil 1 0.05 0.25 [29] 6.54 ×  10−4 0.30 0.2 1.01 ×  10−6 5.67 ×  10−6

2 Polymer 1 0.05 0.24 [30] 6.57 ×  10−4 0.04 0.2 6.69 ×  10−6 8.8 ×  10−5

3 CBM 1 0.05 0.35 [22] 6.27 ×  10−4 1 ×  10−3 0.2 3.57 ×  10−4 1.14 ×  10−5

4 CO2 1 0.05 0.21 [31] 6.67 ×  10−4 1.49 ×  10−4 0.2 8.51 ×  10−4 4.74 ×  10−5

5 HFW 1 0.05 0.33 [24] 6.32 ×  10−4 1 ×  10−3 0.2 8.93 ×  10−4 1.38 ×  10−2

6 HF 1 0.05 0.33 [14] 6.32 ×  10−4 1 0.2 8.93 ×  10−7 1.38 ×  10−2

7 NG 1 0.05 0.23 [32] 6.6 ×  10−4 1.21 ×  10−4 0.2 2.72 ×  10−4 1.33 ×  10−3

8 GWP 1 0.05 0.25 [33] 6.54 ×  10−4 1.2 ×  10−4 0.2 1.49 ×  10−4 4.44 ×  10−4

9 WI 1 0.05 0.286[34] 6.44 ×  10−4 1 ×  10−3 0.2 1.96 ×  10−4 7.02 ×  10−4

10 WPmin 1 0.05 0.34 [35] 6.29 ×  10−4 1 ×  10−3 0.2 1.34 ×  10−4 3.68 ×  10−5

11 WPmax 1 0.05 0.34 [35] 6.29 ×  10−4 1 ×  10−3 0.2 1.34 ×  10−4 3.32 ×  10−4
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calculating maximum retention function from torque 
balance, and vice versa—calculation of mechanical 
equilibrium coefficients of the attached particles from 
the MRF. A recent work by Hashemi et  al. (2023b) 
presents a stochastic model for the mechanical equi-
librium of detrital particles, where the equilibrium 
conditions are given by Eq. (16). Averaging yields the 
MRF for detrital fines. Performing similar theoreti-
cal development for authigenic fines accounting for 
mechanical equilibrium given by Eqs. (12–15) would 
results in an expression for maximum retention func-
tion for fines detachment by breakage.

10  Conclusions

The model derivations for particle detachment by 
breakage, integrating the Timoshenko’s beam theory 
with CFD flow modelling and strength criteria, and 
applying the model to different geo-energy topics 
allow concluding as follows.

Maximum stresses are reached either at the beam 
base middle Y = 0 or at its boundary. Breakage condi-
tions, where either of tensile or shear stresses reaches 
the strength value, are determined by three dimen-
sionless parameters: strength-drag number κ, aspect-
Poisson number χ, and strength ratio η. The tensile-
stress diagram in plane (χ,υ) determines which of 
tensile stresses is higher. The shear-stress diagram in 
plane (χ,η) determines 4 breakage regimes depending 
on aspect-Poisson number χ, Poisson’s ratio υ, and 
strength ratios η.

The definition of breakage regime—by either ten-
sile or shear stress—is independent of flow velocity. 
For an identified breakage regime, breakage veloc-
ity is determined by the strength-drag number κ(χ,υ) 
alone. For a given particle shape, the critical breakage 
velocity is proportional to strength and particle size, 
and it is inversely proportional to viscosity.

The expression for critical breakage velocity 
allows determining the breakage maximum retention 
function MRF, which is a mathematical model for 
particle detachment by breakage of particle-rock sur-
face bond. MRF closes the governing system for col-
loidal transport with breakage detachment.

The lab-based analytical model for fines breakage 
shows that under strong subterranean water fluxes, 
the authigenic fines mobilisation by breakage can 
occur in geological faults, resulting in permeability 

decline and affecting sealing capacities during  CO2 
and hydrogen injection for storage.

Matching of 16 coreflood tests exhibits high agree-
ment between the laboratory and modelling data. 
Besides, the model coefficient values as obtained by 
tuning, belong to their common intervals of variation. 
This validates the developed model for migration of 
authigenic and detrital fines in rocks.

The matching allows determining the detach-
able fines fraction in the overall clay content, and 
the authigenic fines fraction in the detachable fines. 
The detachable fines fraction in consolidated rocks 
and high-salinity water injection varies from 0.01 to 
0.19%. It increases up to 19–90% in grinded rocks 
or by deionised water injection. The authigenic fines 
fraction of the detachable clay particles varies in the 
interval 0.4–0.8.

In 12 corefloods from 16, where authigenic fines 
have been found, the breakthrough curves during 
corefloods exhibit two-population behaviour, which 
is attributed to commingled production of the authi-
genic and detrital particles. Besides, size distributions 
of produced fines are bimodal.

Analytical 1D model for axi symmetric flow 
allows recalculating coreflood tests with migration of 
authigenic and detrital fines into the well productivity 
curve, permitting estimating the formation damage 
due to fines migration.

Calculations of minimum breakage velocities/well 
rates using Eq.  (15) for typical values of the break-
age-model parameters show high feasibility of rock 
fines breakage during heavy oil production, polymer 
injection, both cases of hydraulic fracturing, produc-
tion of natural gas and geothermal water, water injec-
tion into aquifers and water production from artesian 
well with high rate.
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Appendix 1: CFD calculations for drag and its 
torque

The formulae for drag and torque factors in Eq. (1) for 
spheroidal and thin cylindrical particles are available 
from Ting et al. (2021). In this work, those factors for 
long thin cylinders, which model illite clay particles, 
are calculated for αs > 1:

Appendix 2: Stresses in elastic beam 
by Timoshenko’s model

Stress distributions in cylindric elastic beam 
(Timoshenko and Goodier 1970) are

The stress tensor, as per solution (12–15) is:

The principal stresses are eigen values of the stress 
tensor (26):
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where, σ1, σ2, σ3 are principal stresses in order of 
decreasing of their values, and

The equation for largest Mohr circle for the case of 
σ2 = 0 is

where σ and τ are tensile and shear stresses acting on 
unitary planes with different orientations.

Appendix 3: Population balance model 
for colloidal‑suspension transport in porous media

We discuss deep bed filtration of the total particle 
population for detrital and authigenic fines. The 
state variables are the volumetric concentrations of 
suspended and strained particle, c and σs, respec-
tively, and the pore pressure p. Mass balance and 
capture rate equations and Darcy’s law for the col-
loidal flux are:

where ϕ is the porosity, λ is the constant filtration 
coefficient, α is the drift-delay factor, Un is the flow 
velocity at n-th injection, k0 is the initial undamaged 
permeability, p is the pressure, and β is the formation 
damage coefficient. Index n is attributed to injection 
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velocity, and U0 = 0. The filtration coefficient for the 
low-concentration fines population is constant.

Initial suspended concentration is equal to 
concentrations of mobilised fines after velocity 
increase. It is posed at each moment ϕL/αUn−1 of 
the velocity switch from Un−1 to Un

Here the overall MRF is a total of two individuals 
MRFs by Eq. (17).

Inlet boundary condition corresponds to injection 
of particle-free water

(33)
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Breakthrough concentration becomes zero at the 
moment of the concentration front arrival at the 
moment ϕL/αUn. At this moment, all concentra-
tions and pressure drop stabilise. Yet, even where the 
switch times tn+1-tn are lower than the arrival times, 
we neglect suspension concentration which was 
formed before the switch.

Strained concentration is obtained integration of 
Eq. (31) in t accounting for expression (35):

The dimensionless pressure drop (impedance) J is 
defined as:

The expression for impedance is derived from 
Eq.  (32) by integrating pressure gradient in x from 
x = 0 to core length x = L:
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The exact solution of the problem (30–34) can 
be found in handbooks Polyanin and Manzhirov 
(2006), or Polyanin and Zaitsev (2012). Break-
through concentration is obtained by the method of 
characteristics:
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