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ABSTRACT: To investigate the mechanism governing the continuous decline in fracture conductivity of uncon-
solidated sandstone reservoirs post-hydraulic fracturing, this study centers on the synergistic effects of two key
mechanisms—particle migration and proppant embedment. Through the integration of laboratory experiments and
computational fluid dynamics-discrete element method (CFD-DEM) coupled numerical simulations, this study sys-
tematically examines the influence patterns of varying closure pressures, particle concentrations, fluid properties, and
proppant parameters on fracture conductivity. The experimental results demonstrate that particle migration induces
pore blockage within the proppant packing layer. When the fines mass concentration reaches 10%, fracture conductivity
is almost entirely lost. Furthermore, the embedment depth of proppants increases with increasing closure pressure,
and the embedment depth of proppants with a high elastic modulus is twice that of those with a low elastic modulus
under a closure pressure of 35 MPa. Numerical simulations further reveal that fluid viscosity and displacement rate
significantly govern the migration range and blockage pattern of particles. When the fluid viscosity is 10 mPa⋅s and
the displacement rate is 200 mL/min, a balance between fracturing construction efficiency and fracture damage can
be attained. The coupled model developed in this study accurately predicts the attenuation law of fracture conductivity
under the synergistic effect of these two mechanisms. This model addresses the gap in understanding the coupled effects
of mechanisms in unconsolidated sandstone reservoirs in existing literature and provides a theoretical foundation and
engineering guidance for parameter optimization in the fracturing design of such reservoirs.
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1 Introduction
Significant oil and gas reserves have been identified in unconsolidated sandstone reservoirs, and as such,

the efficient development of these reservoirs has attracted significant attention in recent years. Hydraulic frac-
turing is widely recognized as a critical technique for production stimulation in unconsolidated sandstone
reservoirs, as high-conductivity hydraulic fractures provide sustainable flow pathways for hydrocarbons
while also helping control sand production. Therefore, achieving sustained hydraulic fracture conductivity
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is crucial in the design of hydraulic fracturing treatments for the effective stimulation of unconsolidated
sandstone reservoirs [1−5].

Typically, hydraulic fracture conductivity undergoes a decline over production time due to multiple fac-
tors, including in-situ formation geomechanical characteristics, closure stress, proppant placement quality,
and even fracturing fluid-proppant incompatibility. The key mechanisms underlying fracture conductivity
loss have been extensively studied in existing literature [6−10]. Beyond the mechanical properties of
proppants themselves, the interaction between fracturing fluids and reservoir rocks also affects proppant
embedment by altering rock surface properties—this phenomenon has been verified in shale reservoirs
but remains unclarified in low-strength unconsolidated sands. Recent experimental studies highlight the
importance of the apparent Young’s modulus of proppant packs in alleviating fracture aperture reduction
under in-situ closure stress, demonstrating that smaller proppant sizes and higher concentrations enhance
the stability of fracture packs and reduce deformation. Additionally, a few laboratory experiments have
investigated the effect of shale-fluid interactions on proppant embedment, revealing the influence of
fracturing fluids on fracture conductivity [11]. To provide further insights into fracture conductivity loss,
numerical simulations have been proposed [12,13]. Some authors have used computational fluid dynamics
to quantify fracture conductivity loss and indicated that proppant breakage, embedding, and particle
migration can affect fracture conductivity [14]. Yan et al. [15] developed a simplified conceptual model
to estimate fracture conductivity in key channel fracturing scenarios, demonstrating that the Brinkman
equation effectively describes fluid flow within open channels bounded by proppant pillars in fractured
formations. Instrumented indentation testing has emerged as a robust method for characterizing in-situ rock
mechanical properties and predicting proppant embedment, particularly in soft reservoir formations such
as the Montney siltstone—where conventional conductivity tests pose implementation challenges and often
yield inconsistent results [16]. Guerra et al. [17] examined conductivity impairment caused by fluid-rock
interactions in shale reservoirs and identified key mechanisms, including clay swelling, surface softening,
excessive proppant embedment, and fines migration. Tang et al. [18] evaluated the effect of shear deformation
on proppant embedment in tight gas sandstone reservoirs and found that shear stress and relative rock
movement influence proppant behavior. Xu et al. [19] investigated the impact of fracture tortuosity and
proppant sphericity on fracture conductivity. Furthermore, advanced analytical models developed using
the Drucker-Prager yield criterion have been established to characterize the shale’s elastoplastic behavior
under high in-situ stress, offering more accurate predictions of proppant embedment depth than the classical
Hertzian contact theory [20]. However, most existing research has focused on proppant embedment in
hard sedimentary reservoir formations (e.g., sandstones, carbonates, and even shales), and Most existing
studies analyze the effects of fines migration or proppant embedment separately in unconsolidated sands,
but overlook their synergistic effect—which is the core cause of rapid fracture conductivity decay in
unconsolidated sands, leaving a clear research gap. Considering the inherently low mechanical strength
of such unconsolidated reservoir formations, proppant embedment is a major but not the only concern,
especially under low to medium in-situ closure stress conditions. In comparison, mobilizable formation fines
can dislodge from the formation matrix and migrate within the fracture network, further impairing fracture
conductivity [21,22]. These issues are particularly critical in weakly cemented unconsolidated sandstone
reservoirs and hydrate-bearing sediments, where hydrate dissociation processes significantly diminish
sediment strength and facilitate severe fines migration [23]. In unconsolidated sandstone reservoirs, shear
failure often dominates, with tensile failure also occurring and posing significant sand production risks.
The migration and deposition of formation fines within proppant packs can significantly reduce fracture
conductivity, a phenomenon especially observed in coalbed methane reservoirs where fines aggregation and
pore-throat plugging are prevalent.
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To investigate the migration mechanisms of fines during hydraulic fracturing for unconsolidated
sandstone formations, this study has conducted a series of experimental studies and numerical simula-
tions. Numerous researchers have developed models to simulate fines migration within hydraulic fracture
networks. Zou et al. [24] conducted experimental studies on coal fines, demonstrating that these fines
tend to aggregate and become trapped within proppant packs. Mitchell and Leonardi [25] used LBM-DEM
simulations to elucidate particle detachment mechanisms, while Ahamed et al. [26] highlighted the roles
of proppant crushing and diagenesis in fines migration. Recent advances in coupled CFD-DEM and DEM-
DFM methods for particle-scale modeling have facilitated high-fidelity simulations of particle migration
and clogging behaviors in granular proppant media [27]. In particular, in hydrate-bearing sediments, the
significant reduction in pore water salinity caused by hydrate dissociation can further destabilize clay
minerals (e.g., illite), thereby exacerbating fines migration and pore-throat clogging [28]. Recent studies on
shale reservoir formations have highlighted the critical role of time-dependent creep deformation in fracture
closure and proppant embedment. For example, Benge et al. [29] demonstrated that clay-rich “ductile”
zones in shale formations are highly prone to creep deformation, resulting in substantial long-term fracture
conductivity loss. Additionally, fractional calculus-based creep models for shale have been developed to more
effectively characterize the nonlinear viscoelastoplastic behavior of shale under sustained in-situ stress, thus
improving predictions of long-term fracture conductivity decay [30]. These models highlight the importance
of the formation’s viscous modulus and proppant properties in controlling long-term fracture performance—
key insights that may also apply to unconsolidated sands, despite their distinct mechanical properties. Recent
coupled CFD-DEM simulations focused on fines migration have demonstrated that cohesive fines tend to
form agglomerated matrices under reservoir fluid flow, significantly increasing the clogging potential in
rock media [31]. This process typically consists of four stages: fines mobilization, invasion into the proppant
pack, fines retention, and subsequent flowback. The same simulations also revealed that fines migration and
retention within the proppant pack significantly affect long-term hydraulic fracture conductivity. Recent
experimental studies on weakly cemented unconsolidated reservoirs have revealed that both proppant
embedment and fines migration markedly reduce fracture conductivity, with the latter being particularly
severe under rapid depressurization conditions. However, a comprehensive model that integrates both
proppant embedment and fines migration mechanisms for unconsolidated sand reservoirs is still lacking.

To fully address the key mechanisms underlying hydraulic fracture conductivity loss in unconsolidated
sandstone reservoirs, this study aims to fill the identified gap by developing an integrated experimental
and theoretical framework for assessing fracture conductivity decline—one that explicitly integrates both
mechanisms. In addition, the mathematical model proposed in this study has been validated against the
experimental data collected in this study, and the effects of fines concentration and reservoir fluid flow
velocity on fracture conductivity have been quantitatively analyzed. To systematically reveal the synergistic
effect of these two mechanisms, this study employs a combined experimental and numerical strategy: the
experimental research aims to macroscopically quantify the decline law of fracture conductivity under
varying closure pressures, fines concentrations, and proppant parameters; whereas the subsequent CFD-
DEM numerical simulation focuses on elucidating, at the meso-scale, how fluid viscosity and flow rate
govern the migration and clogging behavior of fines, thereby explaining the phenomena observed in the
experiments and exploring the optimization space for fluid parameters beyond the experimental scope.
These two parts are complementary, jointly constructing a comprehensive understanding from macroscopic
phenomena to microscopic mechanisms. These findings offer valuable insights for optimizing hydraulic
fracturing treatment designs for unconsolidated sandstone reservoirs.

The overall research framework, integrating experimental and numerical approaches to elucidate these
synergistic mechanisms, is illustrated schematically in Fig. 1.
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Figure 1: Schematic of the research framework

2 Materials and Experiment Procedures

2.1 Sample Preparation and Materials
Artificial unconsolidated sandstone slabs were prepared for this study to simulate the target reservoir

rocks. The base composition of the sandstone material—by mass percentage—was 60% quartz sand, 24%
illite, 8% plagioclase, and 6% montmorillonite. To simulate variations in rock strength observed in real
reservoirs, different amounts of cement were added during the sample preparation process for this purpose.
Higher cement content led to stronger inter-particle bonding, and consequently, higher compressive strength
of the sandstone slabs. The proppant used in the experiments included three sets of mesh sizes (and
their corresponding particle size ranges) to systematically investigate size-dependent embedment behavior:
20/40, 30/50, and 40/70 mesh. The carrier fluid used in the experiments was 2 wt% KCl brine. This design
strategy leverages simulation to complement experimental limitations: the 1 mPa⋅s case anchors to the
experimental fluid’s viscosity, while 10–20 mPa⋅s covers viscosified fracturing fluids commonly used for
proppant transport in the field. By correlating experimental results (with field-relevant low-viscosity fluid)
to simulation outcomes (with varied viscosities), the study effectively characterizes how fluid viscosity
regulates fines migration and conductivity loss—without requiring additional physical experiments. Fines
used for the migration studies were sourced from actual unconsolidated sandstone formations to ensure
their representativeness.

2.2 Experimental Setup
The schematic diagram of the customized experimental apparatus is presented in Fig. 2. The core

component was a conductivity cell designed to hold the artificial sandstone slabs and proppant pack,
which complies with relevant API standards for fracture conductivity testing. A distinctive feature of
the experimental setup was an intermediate container installed at the inlet of the conductivity cell. This
container—equipped with a bottom stirrer—enabled precise mixing of fines with fracturing fluid at prede-
termined concentrations prior to their injection into the fracture. A hydraulic loading jack was employed
to apply and maintain precise closure stress on the sample. Fluid injection was controlled by a precision
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pump with a flow rate accuracy of 0.01 mL/min, and the system was equipped with precise back-pressure
control functionality. Pressure differentials across the fracture were monitored via high-accuracy pressure
transducers throughout the experiments. The baseline behaviors of pure proppant packs without fines and
the embedment characteristics of pure unconsolidated formation rock are well-documented in the literature.
For instance, the work of Zhang et al. [32] provides fundamental data on the conductivity of pure proppant
packs under various stresses, which serves as a reference for isolating the effect of fines migration in our
study. Chen et al. [33] provides a well-validated reference for understanding the baseline behavior of a pure
proppant pack. The experimental parameters in this study, including proppant sizes and rock strength, were
designed to be consistent with these established benchmarks, allowing for a meaningful comparative analysis
where the synergistic effects are evaluated against these known baseline behaviors.

Figure 2: Schematic of conductivity measurement setup and unconsolidated sand slab

2.3 Testing Procedure
The experimental procedure commenced with the assembly of the artificial sandstone slabs and the

proppant pack (typically at a concentration of 5 kg/m3 of proppant) inside the conductivity cell. The desired
closure stress was initially applied and maintained via the hydraulic loading jack. The carrier fluid (2 wt% KCl
brine) was then injected into the system at a constant flow rate (e.g., 200 mL/min). For experiments focused
on fines migration, fines were mixed into the carrier fluid inside the intermediate container at predetermined
mass concentrations (e.g., 2%, 5%, 10%) via the stirrer. Fluid flow was temporarily stopped once a stable
pressure differential between the fracture inlet and outlet was established. The fracture conductivity was
determined at each closure stress level for a minimum of one hour at the target formation temperature,
which was maintained, to ensure data stability. Subsequently, the closure stress was increased stepwise from
3 to 27 MPa with an increment of 6 MPa, and the measurement process was repeated at each stress level to
obtain the fracture conductivity decline curve under progressively increasing effective stress. A separate set
of experiments employed a sand-packed model in which fines were initially placed at the chamber bottom
instead of being pre-mixed, enabling the study of fines mobilization and invasion into the proppant pack
when the fluid velocity exceeded the critical lift velocity of fines, thereby enabling the isolation of the clogging
mechanism from proppant embedment.
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2.4 Data Processing
The hydraulic fracture conductivity (Kf ) was calculated using Darcy’s law for linear flow through a

fracture:

K f =
QμL
wΔP

(1)

where: Q is the volumetric flow rate (m3/s), μ is the fluid viscosity (Pa⋅s), L is the length of the fracture (m),
w is the fracture width (m), ΔP is the pressure differential across the fracture (Pa).

Key parameters used in the experiments and subsequent modeling are summarized in Table 1.

Table 1: Parameters involved in the fracture conductivity experiment

Parameter Value Parameter Value
Proppant mesh 20/40, 30/50, 40/70 Pressure at outlet, P 1 atm

Porosity, ϕ 20.3% Filtration coefficient, λ 10 m−1

Initial permeability, k 400 mD Proppant pack compressibility, α −0.028
Suspension viscosity, μs 1 mPa⋅s Initial effective stress, σe0 0 MPa

Injection rate, Q 200 mL/min Damage coefficient 182 (g/L)−1

3 Experimental Results
This section presents the experimental results of this study focused on investigating the decline of

hydraulic fracture conductivity under the combined effects of fines migration and proppant embedment.
The findings are systematically presented to demonstrate the impact of key variables—including fines
concentration, closure pressure, and proppant properties—on fracture conductivity.

3.1 Impact of Fines Migration on Fracture Conductivity
The aforementioned experimental results indicate that particle migration and proppant embedment

are two critical mechanisms responsible for the abrupt decline in fracture conductivity of unconsolidated
sandstone. The experiments have established the macroscopic influences of parameters including particle
concentration and closure pressure; however, a mesoscopic-scale mechanistic elucidation is lacking regard-
ing how fluid properties (e.g., viscosity) and operating parameters (e.g., injection rate) regulate the dynamic
transport behavior of particles within fractures and the resultant plugging patterns. As shown in Fig. 3,
experiments observed nearly complete loss of conductivity at a closure pressure of 27 MPa and a particle
concentration of 10%; however, does this critical concentration vary with the fluid’s carrying capacity? To
address such questions and gain in-depth insight into the fluid dynamic mechanisms underlying the plug-
ging phenomena observed in experiments, numerical simulation tools capable of capturing particle-fluid
interactions are required. Thus, this study will subsequently employ CFD-DEM coupled simulation to focus
on investigating how two parameters—fluid viscosity and injection rate, which were fixed in experiments yet
critical in field applications—finely regulate the migration scope and plugging configurations of particles.
This will complement the findings of experimental studies and provide a more comprehensive foundation
for optimizing fracturing treatment parameters.
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Figure 3: The effect of fines concentration and closure pressure on fracture conductivity

3.2 Proppant Embedment Behavior
To ensure the representativeness and engineering applicability of the proppant elastic modulus values

selected in this study, the moduli of 1000, 1500, 2000, 2500, and 3000 MPa were determined based on
two key considerations: first, commercially available proppant specifications (e.g., ceramic proppants and
resin-coated sand commonly used in unconsolidated sandstone fracturing operations, whose elastic moduli
typically range from 800 to 3500 MPa according to industry standards such as API RP 60 and supplier
technical data sheets); second, targeted screening of industrial products—proppant samples with the desired
modulus values were sourced from leading proppant manufacturers, and their actual elastic moduli were
verified using a nanoindentation tester following the ISO 14577 standard. The nanoindentation tests were
performed on three randomly selected particles from each proppant batch, with 5 indentation points per
particle, ensuring the measured modulus values deviated by no more than ±5% from the target values. This
selection strategy balances the needs of experimental design (clear differentiation of modulus effects) and
field practicality (using industrially viable proppants), avoiding arbitrary modulus assignments.

The embedment behavior of proppants into the artificial unconsolidated sandstone slabs was systemat-
ically assessed in this study. All embedment tests were conducted under the following controlled conditions
to ensure consistency with target reservoir environments: the test temperature was maintained at 26○C,
and the artificial sandstone slabs used had a compressive strength of 15 MPa. During testing, the closure
pressure was stepwise increased from 0 to 35 MPa at an increment of 5 MPa, and each pressure level was
held for 30 min to allow for stable proppant embedment (avoiding transient deformation effects). The
proppant elastic modulus was pre-calibrated using a nanoindentation tester in accordance with the ISO
14577 standard, with a test deviation controlled within ±5%; proppant particle sizes (20/40, 30/50, 40/70
mesh) were verified using standard sieves, ensuring a particle size distribution deviation of ≤±3%. After each
pressure stabilization period, the proppant embedment depth was measured using a laser scanning confocal
microscope with a resolution of 0.1 μm—5 random observation points were selected for each sample, and
the results were averaged to reduce random measurement errors; additionally, 3 parallel samples were tested
for each proppant type, with a repeatability error controlled within 8%. Figs. 4 and 5 demonstrate the effects
of closure pressure, proppant elastic modulus, and proppant size on proppant embedment depth. As shown
in Fig. 4, the embedment depth consistently increased with increasing applied closure pressure for proppants
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of any elastic modulus or size, as the applied stress is the key primary driving force for embedment. Notably,
under the same closure pressure, proppants with a higher elastic modulus (i.e., stiffer proppants) displayed
a greater embedment depth. For instance, at 35 MPa, the embedment depth for proppants with a modulus
of 3000 MPa was approximately 0.04 mm, in contrast to only 0.02 mm for proppants with a modulus of
1000 MPa. This is ascribed to the lower elastic deformation capacity of stiffer proppants, which results in
more effective stress transfer to the surrounding rock matrix. Fig. 5 presents a comparative analysis of the
embedment behavior of proppants with different mesh sizes (40/70, 30/50, 20/40) under a range of closure
stresses. The results demonstrate that under identical closure pressure, larger-sized proppants (20/40 mesh)
display a reduced embedment depth. This behavior is due to their reduced contact area with the rock surface,
which facilitates more effective distribution of the applied stress, thereby alleviating the localized stress
concentrations that drive embedment.

Figure 4: The effect of closure pressure on embedment depth

Figure 5: The effect of proppant size on embedment depth
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3.3 Synergistic Effect of Fines Concentration and Filtration
The synergistic effect of fines mass concentration and fluid filtration process on hydraulic fracture

conductivity over time is systematically presented in Fig. 6 of this study. The experiments utilized a 20/40
mesh proppant pack under a constant closure pressure of 15 MPa, with a uniform proppant concentration of
5 kg/m3. The carrier fluid was 2 wt% KCl brine injected at a steady rate of 200 mL/min. Fines were pre-mixed
into the fluid at specified mass concentrations (1%, 2%, 3%, 4%) using the intermediate stirrer container.
The fracture conductivity was monitored until stabilization at each condition, ensuring the measured values
reflected a steady-state impairment. The results demonstrate that hydraulic fracture conductivity underwent
a pronounced decline as the applied filtration coefficient increased, a trend further amplified at higher
fines mass concentrations. For example, at an applied filtration coefficient of 35 m−1, the hydraulic fracture
conductivity was sustained at approximately 150 μm2⋅cm at a 1% fines mass concentration, but it dropped
to about 80 μm2⋅cm with the fines mass concentration increased to 4%. This highlights the critical role of
fines retention and accumulation within the proppant pack in accelerating hydraulic fracture conductivity
impairment during reservoir fluid flow.

Figure 6: The effect of filtration coefficient on fracture conductivity

4 Numerical Modeling Principles
The detachment of fines induced by sustained reservoir fluid flow can result in a decline in hydraulic

fracture permeability. Many researchers have investigated the mechanisms of fracture permeability damage
caused by fines in detail, yet the grain-scale mechanisms still remain not yet fully elucidated. As shown
in Fig. 7, the typical process of fines migration during production involves several key stages from inside
the hydraulic fracture to the wellbore. While this study primarily focuses on fines originating from the
formation rock (as simulated in our experiments), it is important to note that the fine particles depicted in
this process could also stem from the crushing of proppants under sufficient closure stress, as investigated
in other reservoir types [34]. The migration and clogging behavior of these crush-generated fines would
similarly impair fracture conductivity.
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Figure 7: The stages of fine migration from hydraulic fracture to wellbore

4.1 Fluid Phase Governing Equations
The fluid has independent continuous physical field parameters, including velocity field, concentration

field, and pressure field. The influence of proppants relative to the fluid phase is primarily characterized by
the fluid volume fraction αf and the interphase momentum exchange source term Mfs between the fluid
and proppants.

The fluid continuity equation,

∂
∂t
(α f ρ f ) + ∇ ⋅ (α f ρ f u f ) = 0 (2)

wherein, αf denotes the fluid volume fraction; ρf denotes the fluid density, kg⋅m−3; and uf denotes the fluid
velocity, m⋅s−1.

The fluid momentum equation,

∂
∂t
(α f ρ f u f ) + ∇ ⋅ (α f ρ f u f u f ) = −α f∇p +∇ ⋅ (α f τ f ) − α f ρ f g +M f s (3)

wherein, p denotes the fluid pressure, Pa; τf denotes the fluid viscous stress tensor, N⋅m−2; t denotes the
time, s; g denotes the gravitational acceleration, m⋅s−2; and Mfs denotes the interphase momentum exchange
source term between the fluid and proppants, which includes the collision force between solid particles and
the interphase momentum transfer term.

τf can be expressed as follows:

τ f = μ f [(∇u f ) + (∇u f )
T] (4)

wherein, μf denotes the liquid-phase dynamic viscosity, Pa⋅s.
For the fluid phase, the smallest mesh generated in the model corresponds to the fluid computational

control volume element, in which αf and Mfs are physical quantities associated with proppants.
The fluid volume fraction is determined using the point-in-cell method: points are sampled within

the computational grid cell; if a sampling point lies within the surface boundary of solid phase particles,
it is excluded from the count. This process is applied to all points in the computational grid cell, and the
proportion of fluid within the computational grid cell is determined using the following formula, so as to
derive the fluid volume fraction.

αf =
nf

N
(5)

wherein, nf denotes the number of fluid points within the computational grid cell; and N denotes the total
number of points within the computational grid cell.
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With the continuous injection of proppant-carrying fluid, proppants deposit at the bottom and form a
proppant bank. This proppant bank reduces the available space for the free flow of proppant-carrying fluid,
increases the flow velocity in the fracture, and the surface inhomogeneity of particles accumulated in the
proppant bank also induces significant turbulence. The turbulence intensity is employed to characterize the
intensity of turbulence fluctuations, with the formula given below,

I = u
u
= 0.16 (Re)−1/8 (6)

Re =
ρ f UL

μ f
(7)

wherein, U denotes the cross-sectional average velocity of the fluid, m⋅s−1; and L denotes the characteristic
length, m. The proppant transport process belongs to the category of fracture flow.

The characteristic length L is defined as:

L = wH
2 (w +H) (8)

wherein, w denotes the fracture width, m; and H denotes the fracture height, m.
During turbulent flow, intense energy and momentum exchange takes place between proppants and

fracturing fluid in the hydraulic fracture. Turbulent numerical simulation for hydraulic fractures primarily
consists of two types: transient simulation and steady-state simulation. Transient simulation directly solves
the instantaneous governing equations for turbulence, yet it is only applicable to cases involving low Reynolds
numbers and relatively simple boundary conditions. In contrast, steady-state simulation simplifies and
approximates the characteristics of turbulence, thereby achieving faster computational speed. The transient
simulation method was employed for calculations in this study, and the k-ε model is typically adopted as
the turbulence model for particle-fluid two-phase flow systems. The Standard k-ε model is widely used, with
moderate computational cost and computational accuracy sufficient to meet the requirements of general
engineering calculations.

The turbulent kinetic energy and diffusion equation,

∂
∂t
(ρk) + ∂

∂xi
(ρkui) =

∂
∂x j
[(μ + μt

σk
) ∂k

∂x j
] +Gk − ρε (9)

∂
∂t
(ρε) + ∂

∂xi
(ρεui) =

∂
∂x j
[(μ + μt

σε
) ∂ε

∂x j
] + C1ε

ε
k

Gk − C2ε ρ ε2

k
(10)

wherein, k denotes the turbulent kinetic energy, m2⋅s−2; ε denotes the turbulent dissipation rate, m2⋅s−3; σk
and σε denote respectively the turbulent Prandtl numbers corresponding to turbulent kinetic energy k and
dissipation rate ε; C1ε and C2ε denote empirical constants; Gk and Gb denote respectively the production terms
of turbulent kinetic energy induced by average velocity and buoyancy, kg⋅m−2⋅s2; μ denotes the dynamic
viscosity of the fluid, Pa⋅s; and μt denotes the viscosity increment due to turbulence, Pa⋅s.

4.2 Particle Phase Governing Equations
The proppant phase in the proppant-carrying fluid is a discontinuous phase. The Discrete Element

Method (DEM) is a numerical method applicable to addressing problems in discontinuous medium
mechanics, first proposed by Cundall and Strack [35]. In DEM, the motion of each particle is governed by
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Newton’s second law of motion; detailed updates to displacement and angular velocity are made at each time
step, and the resultant force and resultant moment of particle collisions are computed using the soft-sphere
model. The motion equation for a single particle is given by:

mp
dup

dt
= FC + FA + FV (11)

Ipc
dωp

dt
= Tpc (12)

wherein, mp denotes the particle mass, kg; up denotes the particle linear velocity, m⋅s−1; Ip denotes the particle
moment of inertia, kg⋅m2; ωp denotes the particle angular velocity, rad⋅s−1; and Tp denotes the contact torque
generated by the contact between the particle and other particles, N⋅m.

The detachment of fines induced by reservoir fluid flow can cause a decline in hydraulic fracture
permeability. Many researchers have studied the mechanisms of fracture permeability damage caused by
fines in detail, though grain-scale mechanisms still remain not yet fully elucidated.

5 Numerical Modeling: Setup, Parameters and Results Analysis

5.1 Model Setup and Parameter Configuration
To investigate the synergistic effect of proppant embedment and fines migration, a high-fidelity

CFD-DEM coupled model was developed. The model geometry was designed to rigorously replicate the
experimental apparatus, representing a rectangular fracture channel with a length of 10 cm, height of
5 cm, and a consistent width (thickness) of 0.4 cm, bounded by argillaceous unconsolidated sandstone slabs
(see Fig. 8).

Figure 8: Schematic of the geometry and observation plane of the CFD-DEM model

The computational domain was discretized using a structured mesh with a minimum cell size of
0.1 mm, determined through a mesh independence study to ensure solution accuracy without excessive
computational cost. The boundary conditions were defined to mimic the experimental flow regime: a velocity
inlet for specified flow rates, a pressure outlet, and no-slip walls for the fracture boundaries. The proppant
pack was initialized as a random assembly of spherical particles with size distributions corresponding to the
experimental 20/40, 30/50, and 40/70 mesh sizes. The fluid-proppant interaction was resolved via a two-way
coupled Eulerian-Lagrangian approach, where the fluid phase solves the Navier-Stokes equations and the
particle motion is tracked using the Discrete Element Method (DEM). All other key parameters, such as
fluid properties and proppant densities, were maintained strictly consistent with the experimental conditions
detailed in Section 2.4 and Table 1, thereby ensuring the validity and comparability of the simulation results.
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5.2 Results and Analysis of Numerical Simulation
Building upon the experimental observations in Section 3, it is established that fines migration severely

impairs fracture conductivity, and the degree of impairment is significantly influenced by fines concentration
and closure pressure. However, the fluid viscosity (1 mPa⋅s) and injection rate (200 mL/min) used in the
experiments were fixed. To uncover the intrinsic controlling mechanisms of fluid properties and flow
conditions on the key process of fines migration, this numerical simulation section systematically varies the
fluid viscosity and injection rate. The simulation results not only explain the clogging phenomena observed in
the experiments (e.g., pore-throat plugging induced by high fines concentration) at the meso-scale but, more
importantly, quantify how fluid parameters affect the migration front morphology and clogging location of
fines. This provides theoretical support for mitigating conductivity decline by optimizing fluid parameters
in field operations.

To elucidate the intrinsic mechanisms of fine particle blockage, advanced visualization techniques were
employed, including particle tracking, velocity vector fields, and volume rendering of particle concentration.
These methods enabled the identification of critical clogging zones and the dynamic evolution of pore-
throat blockage. For instance, particle tracking revealed that fines initially migrate along high-velocity
paths but deposit in low-velocity regions due to drag reduction and gravitational settling. The visualization
results further demonstrated that clogging is initiated by particle bridging at pore throats, where the
ratio of particle size to throat diameter exceeds 0.1, leading to rapid permeability reduction. Moreover,
the spatial distribution of fines accumulation was correlated with local turbulence intensity, indicating
that turbulent fluctuations enhance particle-particle collisions and agglomeration. This in-depth analysis
provides a meso-scale understanding of how fluid parameters and particle properties collectively govern the
clogging behavior, complementing the macroscopic experimental observations.

5.2.1 Effect of Fluid Viscosity on Fine Migration and Fracture Conductivity
The CFD-DEM coupled model developed in this study—specifically tailored for hydraulic fractures

in unconsolidated sandstones—is designed to reveal the mechanism of hydraulic fracture conductivity loss
under the synergistic effect of fine particle migration and proppant embedment. 1-s fine particle migration
simulations were conducted under different fluid viscosities (1, 10, and 20 mPa⋅s). Results indicate that fluid
viscosity exerts a distinct regular influence on the migration characteristics of fine particles and hydraulic
fracture conductivity, with its underlying mechanism closely linked to fluid particle-carrying capacity, flow
field properties, and fine particle-proppant interactions. At a fluid viscosity of 1 mPa⋅s, the drag force exerted
by the low-viscosity fluid on fine particles is insufficient to overcome the self-gravity of fine particles and the
weak adhesive forces between fine particles and proppants in the fracture inlet region. Consequently, fine
particles exhibit a short overall migration distance, with a large quantity accumulating at the fracture inlet.
Meanwhile, under low fluid viscosity conditions, fluid flow more closely approximates uniform laminar flow.
Fine particles experience highly consistent forces within the flow field; thus, the leading edge of fine particles
invading the hydraulic fracture forms a regular “simultaneous advancement” pattern (see Fig. 9a). As the
fluid viscosity increases to 10 mPa⋅s, the fluid viscosity-induced force is markedly enhanced, and the drag
force can drive fine particles to migrate toward the deep section of the hydraulic fracture. Additionally, the
turbulence intensity of the flow field increases, resulting in unbalanced forces acting on fine particles within
the non-uniform flow field. Consequently, the leading edge of fine particle invasion gradually transitions
from the “simultaneous advancement” pattern to a gentle arc shape (see Fig. 9b). At this point, while fine
particles begin to penetrate the pores of the proppant pack, large-scale clogging has not yet developed.
As the fluid viscosity further increases to 20 mPa⋅s, the drag force of the high-viscosity fluid attains a
maximum value, enabling it to drive fine particles to migrate to a position corresponding to 50% of the
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hydraulic fracture length. During this process, fine particles undergo significant sieving and deposition
within the proppant pack, leading to an increased clogging rate of pore throats in the proppant pack. In
accordance with Darcy’s Law, the hydraulic fracture permeability decreases accordingly, ultimately leading to
a significant reduction in hydraulic fracture conductivity. Furthermore, under high fluid viscosity conditions,
the velocity gradient effect of the flow field is more pronounced, the variation in the spatial distribution
of fine particles increases, and the arc-shaped feature of their invasion leading edge becomes increasingly
distinct (see Fig. 9c). This confirms that fluid viscosity—by regulating the migration and clogging behaviors
of fine particles—acts as a key factor affecting the long-term conductive performance of hydraulic fractures
in unconsolidated sandstones.

Figure 9: Fine particle migration characteristics in hydraulic fractures of unconsolidated sandstone at different fluid
viscosities: (a) Viscosity of 1 mPa⋅s; (b) Viscosity of 10 mPa⋅s; (c) Viscosity of 20 mPa⋅s

5.2.2 Effect of Fluid Displacement Rate on Fine Migration and Fracture Conductivity
Based on the CFD-DEM coupled model established in this study specifically for hydraulic fractures

in unconsolidated sandstone, under the premise of maintaining consistent parameters—including proppant
size (200~300 μm), proppant placement thickness (0.4 cm), initial fine particle concentration (4%), and
closure pressure (15 MPa)—fine particle migration simulations of 1 s duration were conducted by varying
only the fluid displacement. Due to differences in fluid drag force and flow regime, different displacements
exert a distinct differential impact on the migration behavior of fine particles and hydraulic fracture
conductivity: When the displacement is 100 mL/min, the fluid within the hydraulic fracture exists in a stable
laminar flow regime. At this point, the fluid drag force can only overcome 60%~70% of the self-gravity of
individual fine particles, failing to drive fine particles to migrate toward the deep section of the hydraulic
fracture. This results in the deposition of a large quantity of fine particles at the hydraulic fracture inlet,
forming a “shallow plugging zone”. The hydraulic fracture permeability decreases by only approximately 35%,
and the low flow rate results in low construction efficiency, as illustrated in Fig. 10a; When the displacement
is increased to 200 mL/min, the flow field transitions to a weak turbulent regime. The moderate drag force
enables fine particles to migrate effectively to 50%~60% of the hydraulic fracture length. A portion of fine
particles can penetrate into the middle part of the proppant pack via the “throat screening” effect of proppant
pores. Furthermore, weak turbulence only results in the dispersed accumulation of the fine particle migration
front in a “gentle arc” shape, with no continuous plugging zone formed within the proppant pack. Eventually,
the hydraulic fracture permeability decreases by 55%~60%, which not only avoids excessive fine particle
accumulation at the inlet but also prevents deep plugging. This aligns with the field practical principle of
“balancing construction efficiency and hydraulic fracture damage” in the field fracturing of unconsolidated
sandstone reservoirs, as illustrated in Fig. 10b; When the displacement reaches 300 mL/min, the flow enters
a regime of strong turbulence. The excessive drag force not only drives fine particles to migrate to over 80%
of the hydraulic fracture length, but the “vortex effect” of strong turbulence also causes fine particles to
form a “continuous plugging zone” in the deep section of the hydraulic fracture. Meanwhile, the scouring
action of the high flow rate on the proppant induces the disordered arrangement of proppant particles, which
further intensifies the “bridging plugging” of fine particles. Eventually, the hydraulic fracture permeability
decreases by more than 80%, and the high flow rate tends to exacerbate “sand production” in unconsolidated
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sandstone reservoirs. Consequently, this displacement is rarely employed in field fracturing operations for
unconsolidated sandstone reservoirs, as illustrated in Fig. 10c.

Figure 10: Fine particle migration characteristics in hydraulic fractures of unconsolidated sandstone at different fluid
displacements: (a) 100 mL/min; (b) 200 mL/min; (c) 300 mL/min

6 Discussions
This study systematically reveals the mechanisms of hydraulic fracture conductivity decline in uncon-

solidated sandstone reservoirs by integrating experimental measurements and numerical simulations. The
experimental results demonstrate that fines migration and proppant embedment are two primary, mutually
reinforcing causes of conductivity loss (Figs. 3–5). The numerical simulations further elucidate how fluid
properties (viscosity) and operational conditions (displacement rate), as key regulatory means, exacerbate
or alleviate the aforementioned damage by influencing the migration and clogging patterns of fines (Figs. 9
and 10). First, fines migration and proppant embedment are two primary, mutually reinforcing causes of
hydraulic fracture conductivity decline in unconsolidated sands, and their synergistic effect significantly
accelerates conductivity loss—especially under 27 MPa closure stress and 10% fines concentration, where
conductivity is nearly eliminated. Second, fluid viscosity exerts a critical regulatory effect on fines migration
in hydraulic fractures: low-viscosity fluids (1 mPa⋅s) lack sufficient drag force, causing fines to accumulate
near the hydraulic fracture inlet (forming “shallow plugging zones”); high-viscosity fluids (20 mPa⋅s) drive
fines to the fracture deep section, leading to widespread proppant pack pore-throat clogging. Third, proppant
properties directly influence proppant embedment in unconsolidated sands—especially under low-to-
medium closure stress (15–35 MPa): stiffer proppants (higher elastic modulus, e.g., 3000 MPa) exhibit greater
embedment resistance than softer ones (1000 MPa); larger proppants (200–425 μm) reduce embedment via
smaller rock matrix contact areas, which disperse applied stress.

For field fracturing operations in unconsolidated sandstone reservoirs, two key optimization strategies
are recommended to mitigate hydraulic fracture conductivity loss: (1) Adjust fluid viscosity to 10–15 mPa⋅s
to balance fines control and flow efficiency; (2) Select proppants with elastic modulus of 2000–3000 MPa
and particle size of 200–250 μm to reduce embedment while avoiding excessive pore blocking. In addition,
future research should focus more on the quantitative characterization of the synergistic effect of fines
migration and proppant embedment—specifically, exploring the quantitative relationship between closure
stress (5–40 MPa) and synergy intensity, and developing a predictive model for conductivity decline based
on this relationship.

7 Conclusion
This study systematically investigates the synergistic mechanisms of fines migration and proppant

embedment on hydraulic fracture conductivity loss in unconsolidated sandstone reservoirs through inte-
grated experimental and CFD-DEM numerical approaches. The key findings are summarized as follows:

(1) A coupled model incorporating both fines migration and proppant embedment was developed and
validated against experimental data, effectively predicting the long-term conductivity decline in
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unconsolidated sandstone reservoirs. The model addresses the critical research gap concerning the
synergistic effect of these two mechanisms, which has been largely overlooked in previous studies.

(2) Both fines migration and proppant embedment significantly impair fracture conductivity. High fines
concentrations (e.g., 10%) lead to severe pore-throat clogging, while increasing closure stress amplifies
embedment, especially in low- to medium-stress regimes (15–35 MPa). Stiffer proppants (3000 MPa)
exhibit twice the embedment depth of softer ones (1000 MPa), and larger proppant sizes effectively
reduce embedment by distributing stress more efficiently.

(3) Fluid parameters play a decisive role in regulating fines migration and associated conductivity damage.
An optimal fluid viscosity of 10 mPa⋅s combined with a displacement rate of 200 mL/min promotes
uniform fines distribution without causing deep clogging or excessive inlet accumulation, thereby
balancing fracture damage and operational efficiency.

The proposed model and parameter optimization strategy provide practical guidance for fracturing
design in unconsolidated and hydrate-bearing reservoirs, supporting long-term productivity assurance.
Future work should focus on the dynamic effects of reservoir creep and clay content to further refine the
predictive capability of the model.
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