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Abstract

Offshore unconsolidated sandstone reservoirs suffer from severe sand production, which
impairs wellbore stability and productivity. This study evaluates gravel packing in light-oil
unconsolidated sandstone reservoirs in the Weizhou field. This paper conducts visual sand-
control experiments to compare screens and gravel packs, and to quantify the effects of
gravel size, packing thickness, packing density, and clay content on sand-retention behavior.
On this basis, a coupled CFD–DEM model was developed to simulate sand transport
and plugging within the gravel pack. Results show that gravel packing rapidly forms
a stable bridging structure, reaching stabilized production 38.1% earlier than the screen
and reducing sand production by 74.4%, while maintaining a stable pressure difference
and limiting fine-sand breakthrough. Low-viscosity oil enhances sand carrying, increasing
the stabilized pressure difference by 12% relative to water. For the low-clay fine reservoir,
gravel sizes of 3–6 times the median sand size, packing thickness ≥ 25 mm, and packing
density of 90–95% provide a balance between permeability and sand control. Numerical
simulations identify a four-stage plugging process—initiation, surface accumulation, deep
filling, and equilibrium—offering pore-scale support for the experimental observations.
This study offers technical and theoretical guidance for the optimization of gravel-pack
sand control in offshore light-oil unconsolidated sandstone reservoirs.

Keywords: gravel packing; light oil; unconsolidated sandstone reservoirs; sand control;
CFD–DEM

1. Introduction
In recent years, with the continuous development of deepwater oil and gas resources,

the production capacity of offshore oilfields has increased significantly, but the associated
problem of sand production has become increasingly prominent. Sand production can
cause wellbore blockage, productivity decline, equipment erosion, and environmental
risks [1], resulting in substantial losses for oil companies and, in some cases, even well
failure [2]. Representative of unconsolidated sandstone reservoirs in the South China Sea,
the Weizhou oilfield is characterized by weakly cemented reservoir rocks with a weak grain
framework. In the process of oil and gas exploitation, sand production is easy to occur due
to the decrease in formation pressure and fluid erosion [3], which severely undermines the
stability of well productivity and shortens field life, posing serious threats to production
safety, environmental protection, and economic performance [4].
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Geologically, the Weizhou oilfield is located in the central and western part of the geo-
logical depression of Weizhou, a sub-depression in the northern Beibu Gulf Basin [5], which
experienced multiple stages of rifting and subsequent fault-controlled subsidence under
an extensional tectonic regime. The target reservoirs are mainly the Weizhou Formation,
which was deposited in fluvial–deltaic to shallow-marine environments and is character-
ized by weakly cemented sandstones with relatively poor consolidation. The reservoir
rocks are dominated by fine to very fine sandstones with moderate sorting and a loose
grain framework, making them highly susceptible to sand production during pressure
depletion and fluid flow. The petroleum system of the Weizhou oilfield is characterized by
effective early hydrocarbon charging and relatively high oil mobility. Early hydrocarbon
emplacement inhibited late-stage cementation and helped preserve pore structure and
permeability [6], but also enhanced sand migration near the wellbore during production.

Sand production in oil wells mainly occurs in weakly cemented or unconsolidated
sandstone formations. Especially in the late stage of oilfield development, with the devel-
opment of water injection, due to the immersion of injected water, the cementation between
sand particles is looser. With the increase in liquid production intensity, the flow rate of oil
and water accelerates, and the sand carrying capacity increases, resulting in more serious
sand production in oil wells, which restricts the long-term and efficient development of
oil fields. In the eastern South China Sea oilfields, sand control is currently dominated by
premium screens and gravel packing. However, in reservoirs with poor physical properties,
such as high clay content or strong heterogeneity, premium screens are susceptible to dam-
age by fluid flow, which may result in sand-control failure [7]. A review of 172 directional
wells in the Bohai oilfield, located in the Bohai Bay Basin of eastern China, shows that sand
production occurred in 37.5% of wells completed with simple screens, compared with only
3.2% of gravel-packed wells. Screen-only wells also had shorter productive lives, earlier
sand onset, and produced sand grains larger than the screen slot size, indicating screen
failure [8]. Conventional screens are exposed to multiple risks—including erosion [9],
plugging [10], corrosion, and mechanical damage [11]—which can cause sand-control fail-
ure or productivity impairment and have led to substantial economic losses in several
offshore oilfields, such as those in the South China Sea, offshore East Malaysia, and HPHT
wells in the Gulf of Mexico [12,13].

With the development of offshore deepwater oil and gas resources, issues related
to gravel-packing technology have attracted increasing attention [14]. Gravel-pack sand
control, through the combined mechanisms of physical interception and flow-velocity
moderation, can effectively mitigate sand production, particularly in unconsolidated, sand-
prone reservoirs [15], and the service life of gravel packs can exceed 10 years, significantly
longer than that of conventional screens [16]. Studies in unconsolidated sandstone oilfields
in the eastern South China Sea show that gravel packing has broader applicability and
stronger adaptability than screen-only sand control under varying clay contents and liquid
production rates, and can be successfully applied in vertical, horizontal, and high-angle
wells [17,18]. However, the use of gravel-pack completions is still constrained by complex
operations, high risk and cost, and uncertainties in performance under different reservoir
conditions and design parameters [19], which has motivated extensive research on the opti-
mization of gravel-pack design. Based on experiments and field applications, Saucier [20]
reported that when the gravel size is about 5–6 times the median grain size of the reservoir
sand, the adverse impact on gravel-pack permeability is minimized and production is max-
imized. However, this criterion does not fully account for plugging mechanisms related to
reservoir heterogeneity and clay content. Using repeatable large-scale sand-retention tests,
Zimmermann et al. [21] validated and extended the traditional Saucier criterion for open-
hole gravel packs and revealed the dominant damage mechanisms in highly heterogeneous,
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fine-rich formations, where fine-particle migration degrades gravel-pack performance.
Bigna et al. [22] and Liu et al. [23] further investigated gravel-pack plugging mechanisms
through sandbox experiments. They identified and quantified five types of fines-induced
plugging controlled by particle-size ratios and developed mechanistic models consistent
with permeability–time evolution, which can be used to determine allowable fines load-
ing and plugging time and to optimize sand-control and injection–production operations.
Through a series of experiments, Dong et al. [24] proposed a “viscosity–velocity index”
as a key parameter to characterize the effects of fluid properties and flow conditions on
gravel-pack plugging. Their results showed that flow velocity and viscosity mainly control
the development of the mixing zone and the associated permeability loss within the gravel
pack. In summary, the sand-control performance of gravel-pack completions is strongly
governed by the compatibility between reservoir characteristics and packing parameters; in
particular, sand–gravel size matching, gravel-layer thickness and packing density, and fluid
viscosity are generally recognized as key factors controlling the effectiveness of gravel-pack
sand control.

Some researchers have already carried out reservoir-scale numerical simulations of
gravel-pack performance. Nguyen et al. [25] proposed a full-scale, three-dimensional
mathematical modeling workflow for gravel-pack simulations. Zare-Reisabadi et al. [26]
compared different sand-control completion schemes and showed that gravel packing
can provide a favorable balance between productivity and pressure difference. At the
pore scale, previous studies have mainly used phenomenological models and trajectory-
based simulations to investigate particle-transport behavior within gravel packs [27]. The
integration of computational fluid dynamics (CFD) with the discrete element method (DEM)
has created an effective framework for exploring such research. Atashi et al. [28] examined
the influence of fluid properties on sand production and validated their numerical model by
comparing cases with and without gravel packing. Their results confirmed that gravel packs
can effectively suppress sand production. Lezhnev [29] simulated the filtration processes
of slotted screens and gravel-pack systems at the grain scale and concluded that uniform
gravel size can effectively reduce sand production, although the selected parameters
deviated considerably from field practice. By combining two-phase (solid–liquid) numerical
simulations with visual experiments for mutual verification, the mechanisms of sand
migration and gravel-pack plugging have been progressively refined and validated [30–33].

Most existing studies either focus on heavy oil with different viscosities or simplify
the problem by using water. For light-oil unconsolidated sandstone reservoirs represented
by the Weizhou oilfield in the South China Sea, systematic optimization of sand-control
design parameters and a clear understanding of plugging mechanisms are still lacking.
To address this gap, this study conducts visual sand-control experiments in which it syn-
thetically reconstructs the reservoir sand distribution of the heterogeneous unconsolidated
sandstone in the Weizhou oilfield, and compares the sand-control performance of pre-
mium screens and gravel packs. A series of comparative experiments is conducted on
four key parameters—gravel size, packing density, packing thickness, and reservoir clay
content. Sand production, particle-size distributions of produced sand, and the plugging
behavior of flow channels were quantitatively evaluated. On this basis, coupled ANSYS
Fluent 2022–EDEM simulations are performed to investigate microscale sand-transport
behavior and filtration mechanisms within the gravel pack, providing complementary
insight for data interpretation and parameter optimization. Overall, the results establish
matching relationships between design parameters and sand-control performance, clar-
ify particle-migration and plugging mechanisms during gravel-pack sand control, and
verify the applicability of gravel-pack completions in light-oil unconsolidated sandstone
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reservoirs. The results provide theoretical support and experimental evidence for selecting
sand-control technologies in the field.

2. Experiment Methodology
2.1. Experiment Apparatus

Figure 1 shows a photograph (a) and a schematic (b) of the visual sand-control ex-
perimental apparatus (Jiangsu Lianyou Scientific Research Instrument Co., Ltd., Nantong,
China). The system mainly consists of five parts: a clean-fluid injection system, a sand-
control simulation system, an automatic data acquisition system, an oil–sand separation
system, and a vacuum system.

Figure 1. Visual sand-control experimental apparatus: (a) photograph [33] and (b) schematic.
1—injection-fluid storage tank; 2—flow controller; 3—high-pressure dual-plunger pump; 4—automatic
data acquisition system; 5—sand paste; 6—sand-mixing unit; 7—sand-retention unit; 8—high-
precision pressure sensor; 9—oil–sand separation system.

The clean-fluid injection system circulates the test fluid through the apparatus using
a high-pressure dual-plunger pump, with a constant flow rate controlled by computer.
The automatic data acquisition system, consisting of a computer and dedicated software,
enables real-time acquisition, display, and storage of injection rate, pressure difference,
and other parameters. The oil–sand separation system uses a negative-pressure suction
filtration unit combined with slow filter paper to separate oil from sand. The separated
sand is subsequently washed and dried, after which its mass and particle-size distribution
are measured. These measurements are used to assess plugging resistance and to evaluate
the sand-control performance of the gravel pack. The vacuum system is also an essential
component of the visual sand-control apparatus; it removes air from the system to eliminate
its influence on the results of the sand-control plugging experiments.

The sand-control plugging experimental system consists of a sand-mixing unit and
a sand-retention unit. The main body is made of a transparent acrylic tube with an inner
diameter of 80 mm, an outer diameter of 100 mm, and a length of 500 mm. A 400 mm
section near the inlet is used as the oil–sand mixing zone, and the opposite end is used to
install the sand-retention unit. The apparatus can operate under pressures up to 5 MPa
and is designed to accommodate a gravel-pack sand-control unit with a 60 mm effective
diameter and a thickness of 10–25 mm. The system can handle sand concentrations of
1–10%, with a flow rate of 0–1000 mL/min, and the measurement accuracy of the pressure
sensors and flowmeter is within 0.1%. To clearly observe sand-bridge formation on the
outer protective shroud and the variation in slurry concentration inside the vessel, the
acrylic tube was polished to a highly transparent finish. The visual sand-control apparatus
provides linear flow, with the flow direction indicated in Figure 2. The sand-retention
unit, which represents the gravel-pack sand-control section, consists of an outer protective
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shroud, a gravel-pack layer, and a base pipe. Three high-precision pressure sensors are
installed at different positions on this unit (Figure 1b): on the outer surface of the shroud,
on its inner surface, and on the surface of the base pipe. Data from these three pressure taps
are used to track pressure evolution before and after plugging, characterize the plugging
process, and calculate the permeability of the sand-retention unit in the plugged state.
The sand-mixing unit is designed to prepare oil–sand mixtures with specified grain-size
distributions and clay contents matching the reservoir. Under a prescribed initial sand
concentration, a low-speed stirrer is used in the mixing section to keep the sand uniformly
suspended throughout the experiment.

Figure 2. Flow direction of the fluid in the visual sand-control apparatus: (a) photograph and
(b) schematic.

2.2. Experiment Materials

In conventional selection of sand-control methods, four parameters are generally
considered to be strongly correlated with the optimal completion scheme: the median
grain size (d50), uniformity coefficient (Uc), clay content (Vsh), and montmorillonite
content [34]. It is noteworthy that both clay content and montmorillonite content need
to be considered. The swelling behavior of montmorillonite upon contact with water
significantly increases the failure risk of sand-control strings [35] and differs from the
mud-plugging effect of other clay minerals. Sand-production simulation experiments by
Deng et al. [34] showed that a formation with 30% illite content yields higher post-sand-
control productivity than one with 10% montmorillonite. To accurately reproduce the
particle-size composition and distribution characteristics of the actual reservoir sand in
the Weizhou oilfield, the particle-size range and median size of the experimental sand
were first determined, followed by sieving and blending. Core grain-size analyses and
previous rock-physics studies indicate that the Weizhou reservoir sand has the following
features: a wide grain-size range, mainly between 0.01 mm and 0.5 mm; an average median
grain size (d50) of about 0.209 mm; a non-uniform, typically asymmetric particle-size
distribution; relatively low clay content; and an average uniformity coefficient (Uc) of
approximately 5. The reservoir rocks are mainly quartz sandstone [6], and the clay minerals
are dominated by montmorillonite and illite–smectite mixed-layer clays [36]. Clay minerals
can form coating films and act as pore-filling material, which greatly reduces the flow
capacity near the wellbore. Their physical properties differ significantly from those of
quartz and feldspar grains, and they are a primary cause of plugging in sand-control units.
Based on these considerations, industrial-standard mesh quartz sand and montmorillonite
(Henan Mishang Environmental Protection Technology Co., Ltd., Zhengzhou, China) were
used to prepare synthetic reservoir sand for the experiments. The proportions of different
mesh sizes of quartz sand and montmorillonite were adjusted (Table 1) so that the blended
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sand matched the target grain-size characteristics of the reservoir. As shown in Figure 3,
Samples 1–4 represent synthetic reservoir sands with clay contents of 0%, 3%, 5%, and
10%, respectively.

Table 1. Blending schemes for synthetic reservoir sand samples.

Sieve Size
/Mesh

Particle-Size
Range/mm

Blending Ratio,
Sample 1/wt%

Blending Ratio,
Sample 2/wt%

Blending Ratio,
Sample 3/wt%

Blending Ratio,
Sample 4/wt%

26/40 0.707–0.420 10 10 10 5
40/70 0.420–0.210 15 15 15 15
70/110 0.210–0.134 20 20 20 20

110/160 0.134–0.088 40 40 40 40
160/200 0.088–0.074 15 12 10 10

Clay / 0 3 5 10

Figure 3. Grain-size distribution test results for the blended synthetic reservoir sand samples.

Ceramic particles are regarded as the most suitable and widely used gravel-pack
material in field applications [37]. Accordingly, artificial ceramic particles (Gongyi Longze
Water Purification Materials Co., Ltd., Zhengzhou, China) with different sizes were selected
as the gravel-pack medium in this study. Water and oil (Zhengzhou Xingyi Lubricating
Oil Co., Ltd., Zhengzhou, China) were used as test fluids; based on the reservoir crude-oil
properties, the viscosity of the oil was 5 mPa·s.

2.3. Experiment Procedure

The experiments were carried out in the following steps:

(1) According to the blending scheme, 200 g of synthetic reservoir sand was prepared
and thoroughly mixed. A laser particle-size analyzer was used to ensure that the
median grain size and grain-size distribution curve matched the target reservoir-sand
characteristics, thereby ensuring the validity of the experimental data.

(2) Depending on the experimental conditions, a metal mesh screen was installed, or
gravel of different particle sizes was packed. The packing density was controlled
by adjusting the mass of gravel. After the sand-control unit was assembled, it was
mounted at the designated position and connected to the flow lines.

(3) Experimental fluid (water or oil) was injected into the sand-mixing unit to check for
leaks. The stirrer was then switched on, and the premixed sand was added through
the sand-injection port until the vessel was filled, after which the port was closed. The
system was evacuated for 15 min.
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(4) The data-acquisition software was started, and the pump was set to an injection rate of
100 mL/min. The outlet valve was opened to initiate the experiment, while pressure
data were recorded in real time, and produced fluids were collected. The pressure
difference between the two ends of the sand-control unit, monitored by the data-
acquisition system, increases with the severity of plugging. Based on the measured
pressure difference, the permeability of the sand-control unit under unidirectional
flow can be calculated using Darcy’s law as follows:

Ks =
QµLs

A∆p
(1)

where Ks is the permeability of the sand-control unit, m2; Q is the injection rate, m3/s;
µ is the dynamic viscosity of the fluid, Pa·s; Ls is the thickness of the sand-control unit, m;
A is the effective flow area, m2; and ∆p is the pressure difference across the sand-control
unit, Pa.

In practice, because the sand-retention medium is relatively thin and the pressure-
transducer probes cannot be placed exactly at the two faces of the medium but are set
slightly away from the boundaries, the permeability calculated from Darcy’s law inevitably
contains some errors.

The post-test residual permeability in the classical sense was not directly measured.
However, the permeability evaluated under stabilized pressure conditions represents the
effective hydraulic conductivity of the sand-control unit after sand-bridging and pore-scale
clogging had been fully established. From an engineering perspective, this stabilized perme-
ability is more relevant to filtration performance than an idealized clean-fluid permeability
measured after dismantling the filter.

(5) After 60 min, when the pressure had become relatively stable, the experiment was
stopped. The discharge valve was opened, the sand-control unit was removed, and
sand invasion into the screen and gravel pack was visually examined.

(6) The produced fluids and the sand that passed through the sand-retention medium
were collected, dried, and weighed. A laser particle-size analyzer was then used to
measure the maximum grain size and median grain size of the produced sand. Ac-
cording to the industry standard SY/T 5183-2024 [38], the sand-retention performance
of the medium was evaluated using the “one-in-ten thousand” criterion, i.e., the
cumulative sand production must not exceed 0.3‰ of the produced liquid volume.

2.4. Experiment Scheme

To compare the sand-control performance of conventional premium screens and
gravel-pack completions and to further investigate the parameters affecting gravel-pack
sand control, a metal sintered-mesh screen with a sand-retention accuracy of 0.2 mm was
used, as calculated by Equation (2) [39]:{

W = 0.1366 × ln(d50) + 0.4187, d50 > 0.08 mm
W = d50, d50 < 0.08 mm

(2)

where W is the slot width, mm; and d50 is the median grain size of the reservoir sand, mm.
The thickness of the metal sintered-mesh screen was 2 mm.

There is an optimal size ratio between gravel and reservoir sand, and this ratio is
one of the most critical design parameters in gravel-pack operations. The most widely
used guideline is that the median size of the industrial gravel should be 5–6 times the
median grain size of the reservoir sand in sand-producing wells. In practical field design,
however, the gravel size should be further optimized according to reservoir heterogeneity
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and the grain-size distribution of produced sand. Packing density and thickness are other
key factors controlling sand-control performance. Previous studies have indicated that
the packing density should be at least 90% [40]. Conventional theory suggests that the
gravel-pack thickness should exceed 20 mm, and preferably be greater than 30 mm [41], to
ensure the formation of a stable filtration zone. Based on these considerations, four gravel
sizes—10/20 mesh, 16/30 mesh, 20/40 mesh, and 30/50 mesh—were selected using arti-
ficial ceramic particles. Packing thicknesses of 25 mm, 20 mm, and 15 mm and packing
densities of 95%, 90%, and 85% were tested. All experiments were conducted at a constant
flow rate of 100 mL/min. All experimental schemes are summarized in Table 2.

Table 2. Experimental design schemes.

Test ID Sand-Control Unit Gravel Size
/Mesh

Packing
Thickness/mm

Packing
Density/%

Clay
Content/% Test Fluid

W-0
Metal

sintered-mesh
screen

/ / / 0 Water
W-3 / / / 3 Water
O-0 / / / 0 Oil
O-3 / / / 3 Oil

W16/30-0

Gravel packing

16/30 25 95 0 Water
W16/30-3 16/30 25 95 3 Water
W20/40-3 20/40 25 95 3 Water
O16/30-0 16/30 25 95 0 Oil
O16/30-3 16/30 25 95 3 Oil
O10/20-3 10/20 25 95 3 Oil
O20/40-3 20/40 25 95 3 Oil
O30/50-3 30/50 25 95 3 Oil
O-T20-3 16/30 20 95 3 Oil
O-T15-3 16/30 15 95 3 Oil
O-D90-3 16/30 25 90 3 Oil
O-D85-3 16/30 25 85 3 Oil
O16/30-5 16/30 25 95 5 Oil
O16/30-10 16/30 25 95 10 Oil
O20/40-0 20/40 25 95 0 Oil
O20/40-5 20/40 25 95 5 Oil
O20/40-10 20/40 25 95 10 Oil

Note: W denotes water; O denotes oil; the last digit denotes clay content; X/X denotes gravel size; T denotes
thickness; and D denotes density. If not otherwise specified, the test parameters correspond to the standard values:
16/30 mesh gravel size, 25 mm packing thickness, and 95% packing density.

3. Results
3.1. Comparison Between Screen and Gravel Packing

Metal mesh screens are prone to local erosion damage under long-term impact from
sand-laden flow, which can eventually lead to sand production as a result of sand-control
failure [42]. In a preliminary test, a single-layer 200-mesh metal screen was used and
experienced sand-control failure. As shown in Figure 4a, there is a local loss of the filter
cake under the screen, indicating that a typical continuous and intact structure of effective
sand control did not form in this area. Instead, erosional damage to the screen led to the
development of localized preferential sand-production pathways, ultimately resulting in
sand control failure. This confirms that conventional screens have a critical limitation in
service life when long-term sand-control performance over the full well life is required.
By contrast, gravel packs possess sufficient compressive strength to withstand high down-
hole pressures and stress variations without crushing or degradation, thereby providing
more durable sand-control and water-control performance [43]. On this basis, a metal
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sintered-mesh screen was selected as a representative premium screen, and its sand-control
performance was compared with that of gravel packing.

 
(a) (b) (c) 

Figure 4. Deposition of reservoir sand within the sand-control unit. (a) Local sand-control failure of
the metal mesh screen. (b) Metal sintered-mesh screen. (c) Invasion of clay and fine sand into the
gravel pack.

Gravel packing generally provides more effective sand control than screens. Under
fixed overburden and injection pressures, Shirinabadi et al. [2] reported that sand pro-
duction dropped to very low levels, or even to zero, after placement of a gravel-pack
annulus. Figure 5 compares the pressure difference across the gravel-pack and screen
sand-control units under different operating conditions. As shown in Figure 5a, under
water-phase conditions, the gravel-pack group exhibits a higher pressure difference across
the sand-control unit. However, the pressure difference first increases and then levels off,
indicating a distinct bridging process and the formation of a stable gravel-pack structure.
Figure 5b shows that low-viscosity oil does not significantly change the overall trend of the
pressure curves. Gravel packing rapidly develops a stable bridging structure, and the time
to reach steady production is 38.1% shorter than for the screen. Comparing Figure 5a,b also
shows that, because the oil viscosity is slightly higher than that of water, its sand-carrying
capacity is stronger, and the pressure increase rate in the oil phase is higher than in the
water phase. At a clay content of 3%, the stabilized pressure difference for the oil-phase
gravel-pack case is 12% higher than that for the water-phase case. For zero clay content, the
pressure difference across the metal mesh screen remains almost unchanged during sand
control. Under more realistic low-clay conditions, however, the pressure difference keeps
increasing and fluctuates more strongly and more frequently than that of the gravel-pack
group, indicating repeating cycles of sand deposition and scouring on the screen surface.
Together with Figure 4b, this suggests that some areas of the screen surface experience
severe local plugging. In Figure 5b, for the 3% clay case with screen sand control, the
pressure difference increases to about 0.4 MPa and then gradually decreases. This behavior
is interpreted as a consequence of the stronger sand-carrying capacity of the oil phase and
the limitations of the experimental scale, which cannot fully reproduce the continuous
transport of reservoir sand and clay to the sand-control unit over the entire well life. In
an actual near-wellbore environment with continuously increasing clay content, the flow
resistance would continue to rise, and there would be a high risk of early plugging of the
filter layer.

Figure 6 shows the permeability evolution of the gravel-pack and screen sand-control
units under different operating conditions. For both types of media, permeability decreases
slowly at the beginning, then drops rapidly, and finally approaches a relatively stable value.
This behavior corresponds to three characteristic stages of plugging: initiation, accelera-
tion, and equilibrium [44]. The equilibrium permeability of the gravel-pack structure is
lower than that of the screen group, but once a stable bridging structure is formed, the
permeability curve of the gravel pack becomes smoother and more stable.
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Figure 5. Evolution of pressure difference across gravel-pack and screen sand-control units under
different operating conditions.

Figure 6. Evolution of permeability for gravel-pack and screen sand-control units under different
operating conditions.

As summarized in Figure 7, all tests meet the effective sand-control criterion in terms
of total sand production. When the reservoir sand contains no clay, the designed sand-
retention accuracy provides excellent sand control with almost no produced sand, making
both mass and size distribution difficult to measure. At a clay content of 3%, the average
cumulative sand production of the gravel-pack group is 1.62 times that of the screen group.
However, evaluating sand-control performance based solely on sand volume is inappro-
priate. In terms of particle-size distribution, the gravel-pack group produces sand with
a larger median size and a broader size range, indicating a stronger ability to form a mul-
tistage filtration zone and to restrict the migration of fine particles. During gravel-pack
sand control, plugging develops gradually rather than instantaneously: pore channels are
progressively filled, and flow paths are reorganized, and a small amount of early particle
breakthrough does not imply sand-control failure [33].To further assess the long-term
effectiveness of gravel packing, sand production under oil-phase conditions was compared
after the gravel pack had developed an effective bridging structure, i.e., after the pressure
had stabilized, with that of the screen over the same time interval. Although the screen
maintained structural integrity, a noticeable fine-sand breakthrough occurred at 3% clay
content, yielding 0.039 g of sand between 40 and 90 min. In contrast, the gravel-pack group
produced almost no sand (≤0.01 g), a reduction of 74.4% relative to the screen, demon-
strating its superior late-time sand-control performance. Such results are also consistent
with the pressure evolution curves of the sand-control unit and are in agreement with the
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numerical simulation results presented in Section 3.6.3. Sand production predominantly
occurred during the initial transient stage, which coincided with the rapid increase in
pressure difference before an equilibrium stage was reached. Once the pressure difference
stabilized, further sand migration became negligible within the duration of the experiment.

Figure 7. Comparison of sand production for gravel-pack and screen sand-control units under
different operating conditions.

The overall comparison shows that, because of its higher viscosity, the low-viscosity
oil has a stronger sand-carrying capacity, leading to a faster increase in pressure and
a higher stabilized pressure difference than under water-phase conditions. The gravel-
pack structure can rapidly form a bridging sand-control framework and, under low-clay
conditions, exhibits greater stability and adaptability, as well as superior long-term sand-
control performance. To further optimize its design, the following sections systematically
investigate how gravel size, packing thickness, packing density, and clay content affect
sand-control performance and the underlying mechanisms.

3.2. Influence of Gravel Size on Gravel Packing

Optimal gravel size selection is a core issue in gravel-pack sand control. Whether
reservoir sand can penetrate the gravel pack is mainly controlled by two factors: the size of
the reservoir sand grains and the size of the pore channels formed within the gravel pack.
The key is whether the gravel-pack structure can simultaneously provide sufficient sand-
retention capacity and adequate flow paths. The ratio between gravel size and reservoir-
sand size is therefore a critical design index. When this ratio is approximately 4–6, the
gravel-pack permeability is maximized, so that productivity is maintained while sand
grains are effectively prevented from entering the pack. When the ratio is <4 (gravel being
too fine), permeability is significantly reduced, and production declines; when the ratio is
>8 (gravel being too coarse), reservoir sand is more likely to penetrate the gravel pack and
cause sand-control failure [22,45].

As shown in Figure 8, the pressure difference does not increase monotonically but
exhibits noticeable fluctuations. These fluctuations are mainly attributed to the cyclic
migration, bridging, and removal of the particles within the pore throats. Local pore
blocking by sands causes a temporary increase in pressure difference, while the subsequent
breakdown or bypass of these blockages leads to a sudden drop, resulting in the fluctuations.
Under both water-phase and oil-phase conditions, the pressure curves for 16/30-mesh
and 20/40-mesh gravel increase relatively smoothly and then stabilize. For the coarser
16/30 mesh pack, the larger and more heterogeneous pore throats allow clay and fines
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to penetrate deeper into the pack and be trapped internally, resulting in strong deep-bed
filtration and a more pronounced pressure build-up. In contrast, for the finer and more
uniform 20/40 mesh, fines are preferentially retained near the inlet and form a relatively
continuous filter cake; once the differential pressure exceeds a critical value, this cake
collapses, and a new preferential flow channel is opened, leading to the marked pressure
drop observed in the 20/40 mesh curve at around 50 min. It should be noted that such
marked pressure drops may occur in any individual test, and their influence on sand-control
performance depends on the magnitude of the pressure loss, the extent of subsequent
pressure recovery, and the eventual sand production behavior. The 30/50-mesh gravel
exhibits a lower stabilized pressure difference, but its pressure curve shows abnormal
spikes. This behavior is closely related to the sand-production response and is therefore
interpreted together with the sand-production data in the next paragraph. For 10/20-mesh
gravel, the pressure difference remains at a low level with almost no change. Figure 9
clearly indicates that larger gravel sizes create larger pore channels, leading to a higher
initial permeability, which then decreases as sand migrates and accumulates. Gravel with
an appropriate size is more likely to form a stable bridging structure: coarse reservoir sand
tends to build a skeletal bridge at the top of the gravel pack and traps incoming large grains,
while finer particles that pass through larger pores are retained by intergranular jamming
and screening. This behavior is consistent with the stable pressure and permeability
evolution observed for the 16/30-mesh and 20/40-mesh gravel packs. The permeability
curve of the 10/20-mesh gravel pack exhibits remarkable fluctuations. This behavior is
mainly a calculation effect rather than a sign of strong physical instability. Because the
pressure difference across the pack remains very low under the same flow rate, minor
disturbances of pressure difference are strongly amplified in the permeability calculated
from Darcy’s law, resulting in the apparent large fluctuations in the curve.

Figure 8. Pressure difference evolution across gravel packs with different gravel sizes at 3% clay content.

Figure 10 shows that, for the cases of 16/30-mesh and 20/40-mesh gravel packs, the
ratio of cumulative sand production to cumulative liquid volume is 0.034–0.064‰, well
below the effective sand-control criterion of 0.3‰. The median grain size of produced
sand ranges from 10.51 to 27.32 µm, and the maximum size from 43.97 to 230.1 µm, all
within the designed sand-retention accuracy. Because of continuous sand migration and
accumulation, the upstream part of the gravel pack experiences more severe damage [30].
In fine-gravel packs, the pore channels are smaller. Although this would theoretically
improve sand retention, it also promotes rapid accumulation of clay and fine sand near
the surface of the pack, leading to a sharp permeability decline, rapid pressure increase,
and eventual fine-sand breakthrough. As shown in Figures 8b and 10, for the 30/50-mesh
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gravel, the final stabilized pressure difference is low, but the pressure curve exhibits distinct
spikes, indicating that no effective bridging structure forms; instead, transient localized
plugging occurs. The cumulative sand production reaches 2.162 g, exceeding the effective
sand-control limit, and the produced sand has a median size of 18.06 µm and a maximum
size of 110.3 µm, with the size distribution dominated by fine particles. For 10/20-mesh
gravel, the pore channels are too large, the sand-laden flow moves freely through the pack,
and effective sand control cannot be achieved. The cumulative sand production reaches
2.639 g, and both the median grain size (66.09 µm) and the maximum size (355.0 µm) are
significantly larger than those in the other experimental groups.

Figure 9. Permeability evolution of gravel packs with different gravel sizes at 3% clay content.

Figure 10. Comparison of sand production for gravel packs with different gravel sizes at 3% clay content.

Based on the present experiments, the matching between reservoir-sand size and
gravel size remains one of the most critical design parameters for gravel-pack sand control
in light-oil reservoirs. For a given reservoir sand with specified grain-size distribution and
clay content, there exists a critical gravel size beyond which sand-control failure occurs.
Under the relatively fine-grained reservoir conditions considered in this study, gravel sizes
of approximately 3–4 times the median grain size of the reservoir sand provide a good
balance between productivity, pressure difference, and sand production control.

3.3. Influence of Packing Thickness on Gravel Packing

Gravel-pack thickness is one of the key structural parameters controlling the effec-
tiveness of the sand-retention layer. It not only affects the development of the bridging
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structure, but also directly governs the erosion resistance and permeability stability of
the pack. In principle, a thicker gravel pack provides a longer flow path, greater energy
dissipation, and more opportunities for sand grains to be retained. Conversely, insufficient
thickness makes the pack prone to local bridge collapse or the formation of through-going
channels under high-velocity flow, leading to sand-control failure. After a well is put on
production, reservoir sand carried by formation fluids can invade the gravel pack and
form a mixing zone, as illustrated in Figure 4c, which causes a pronounced reduction
in gravel-pack permeability and well productivity; the severity depends on the depth of
invasion and the associated permeability loss [46–48].

The pressure-difference curves in Figure 11a show that the 25 mm gravel-pack group
maintains a relatively high and smooth pressure difference throughout the experiment.
The 20 mm group exhibits the most unstable behavior, with strong pressure fluctuations,
whereas the 15 mm group shows a low and stable pressure difference at early times,
followed by a gradual increase as plugging develops. As seen in Figure 11b, the 15 mm
gravel pack initially has the highest permeability because of its shorter flow path and lower
flow resistance. Under the fixed injection rate used in the experiments, the 25 mm gravel
pack eventually attains the highest stabilized permeability, whereas the 20 mm pack ends
up with the lowest.

Figure 11. Evolution of pressure difference (a) and permeability (b) for gravel packs with different
packing thicknesses.

A combined analysis of pressure difference, permeability, and sand production
(Figure 12) indicates that the 25 mm gravel pack develops a stable, continuous bridging
structure during plugging and gradually establishes stable flow channels. Under low-clay
conditions, this configuration effectively prevents fine particles from migrating deeper
into the pack. In contrast, the other two thicknesses both exceed the effective sand-control
criterion. For the 20 mm gravel pack, the flow field induces repeated cycles of bridge ero-
sion and reformation, allowing large amounts of fine sand to pass through; the cumulative
sand production reaches 3.393 g. These bridge collapse events cause transient pressure
release, which is manifested as the pronounced pressure troughs observed in Figure 11a.
For the 15 mm pack, the low early-time pressure difference actually reflects the formation
of localized sand-production channels, and the cumulative sand production reaches 2.245 g.
These results demonstrate that gravel packs with insufficient thickness cannot form a stable
multistage filtration structure and tend to fail by through-flow channeling. Therefore,
gravel-pack thickness is positively correlated with sand-control performance. A thicker
gravel pack can rapidly build a skeletal bridging framework in the early stage, limiting
deep invasion of fine particles, while its interior provides a larger buffer zone in which
pore plugging follows a gradual “slowing then stabilizing” trend. When the thickness is
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inadequate, persistent flow more easily generates preferential channels and destabilizes the
bridging structure, leading to a marked increase in sand production.

Figure 12. Comparison of sand production for gravel packs with different packing thicknesses.

Taking both theoretical considerations and experimental results into account, a packing
thickness of 25 mm is identified as the optimal value at the scale of this study, providing
a good balance between sand-control stability and uniformity of flow channels. When the
packing thickness is ≤20 mm, the instability of the bridging structure caused by insufficient
thickness should be compensated by increasing the packing density or optimizing the
gravel-size distribution. If the borehole diameter does not allow sufficient thickness,
a gravel pack of limited thickness should be combined with a sand-control screen or
graded filter layers to extend the effective sand-control period and mitigate the risk of
early plugging.

3.4. Influence of Packing Density on Gravel Packing

Gravel-pack packing density has a significant impact on the evolution of bridging
and sand control. Sparlin et al. [49] showed that mixing sand into gravel strongly reduces
permeability: as the sand content increases, the permeability of the mixture decreases
rapidly and can even fall below that of pure sand. In a special test with tightly packed
media (74% gravel + 26% sand filling the pore space), the permeability was only 5.36 D,
less than half that of pure sand packed by the same method.

As shown in Figure 13a, at a fixed packing thickness of 25 mm, increasing the packing
density from 85% to 95% causes the pressure-difference curves to evolve from stepwise,
fluctuating behavior with sharp spikes to an almost monotonic and smooth rise. For
a 95% packing density, the pressure difference increases steadily and reaches a stable
stage at around 0.85 MPa, with the smallest fluctuation amplitude. The 90% group shows
intermittent rise–fall cycles with pronounced pressure oscillations. The 85% group exhibits
the fastest pressure build-up and the strongest fluctuations, with instantaneous peaks up
to 1.5 MPa, indicating unstable plugging. In Figure 13b, the permeability curve for 95%
packing density is the most stable, that for 90% shows the largest fluctuations, and that for
85% has the lowest permeability overall.

Mechanistically, high packing density reduces pore-throat size but makes its distribu-
tion more uniform. Particles of different sizes are more effectively screened and retained
within the gravel pack at an early stage, so flow resistance increases in a continuous manner,
producing smooth pressure and permeability curves. When packing density decreases,
the dispersion of pore-throat sizes increases. Preferential channels are more likely to

https://doi.org/10.3390/jmse14020139

https://doi.org/10.3390/jmse14020139


J. Mar. Sci. Eng. 2026, 14, 139 16 of 28

form, leading to local bridging and bypass flow, and later in the flow history to delayed
global plugging and sudden pressure jumps. These intermittent local bridging and bypass-
flow events are responsible for the pronounced pressure peaks and troughs observed in
Figure 13a. In the 85% low-density pack, the pore structure is highly non-uniform; particle
migration and re-deposition during flow cause localized plugging, which explains why
this low-density pack develops higher pressure and much lower permeability than the
other cases.

 
Figure 13. Evolution of pressure difference (a) and permeability (b) for gravel packs with different
packing densities.

Figure 14 compares sand production for different packing densities. As packing
density decreases, both the median and maximum grain sizes of produced sand increase,
and the total sand production rises sharply. For 85% packing density, cumulative sand
production far exceeds the effective sand-control criterion.

Figure 14. Comparison of sand production for gravel packs with different packing densities.

These results suggest that, in field design, reducing the packing density does not
enhance fluid flow capacity or improve permeability. Instead, it tends to create non-uniform
flow channels, which promote local plugging after reservoir sand invasion and lead to
permeability loss or unstable bridging with sustained pressure fluctuations. Both effects
degrade sand-control performance and production stability. In contrast, high packing
density provides a more uniform pore structure, resulting in a more controllable and stable
pressure difference with smaller fluctuations.
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3.5. Influence of Reservoir Clay Content on Gravel Packing

Clay content is one of the key reservoir parameters controlling the performance of
gravel-pack sand control. Clay minerals such as montmorillonite and illite are very fine,
have a large specific surface area, and exhibit swelling and strong adsorption. They readily
form plugging nuclei within pore throats and alter the internal flow-path structure. As clay
content increases, migrating clay particles can deposit on the surface or inside the gravel
pack, inducing a coupled effect of fine-particle migration and clay plugging, which reduces
gravel-pack permeability and shortens the effective sand-control period.

As shown in Figures 15 and 16, when clay content increases from 0% to 10%, the
pressure difference across the sand-control unit rises significantly for both 16/30-mesh
and 20/40-mesh gravel packs, and the rate of increase becomes progressively higher. The
corresponding permeability decreases significantly. At 0% clay, the pressure difference
remains stable with no upward trend, and permeability stays relatively high, indicating
unobstructed flow through the gravel pack and highlighting the critical role of clay in the
plugging process. At clay contents of 3% and 5%, the pressure difference increases slowly
and then stabilizes. This suggests that clay, fine sand, and coarse sand act together to build
a stable multistage filtration and bridging structure within the gravel pack. Consistent
with this, Figure 17 shows that, for all four clay contents, the ratio of sand production
to liquid volume is 0.036–0.159‰, which is within the effective sand-control criterion,
demonstrating the strong sand-retention capability of the gravel pack. At 10% clay content,
the 16/30-mesh gravel pack exhibits a rapid rise and subsequent oscillations in pressure
difference (Figure 15a), indicating severe plugging and instability. These oscillations are
attributed to repeated clay-induced pore-throat blockage and partial re-opening during flow.
The stabilized permeability is much lower than that at lower clay contents (Figure 15b),
implying that clay particles form an essentially irreversible plugging structure within
the gravel pack. Although the pressure difference across the sand-control unit increases
sharply, it eventually reaches a stable level, and the cumulative sand production does
not significantly exceed the effective sand-control limit (0.35‰ for 16/30 mesh). This
confirms that gravel-pack sand control still retains a degree of adaptability under high-
clay conditions.

Figure 15. Evolution of pressure difference (a) and permeability (b) for 16/30-mesh gravel packs at
different clay contents.

The response to clay content also differs between gravel sizes. For 20/40-mesh gravel
packs, relatively small pressure fluctuations and higher equilibrium permeability can still
be maintained at elevated clay contents, whereas 16/30-mesh packs exhibit earlier and
more severe plugging under the same conditions. This indicates that, in finer gravel packs,
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the pore throats are smaller and clay and fine particles mainly accumulate near the surface,
causing only limited blockage without significantly impairing overall flow. In contrast,
coarser gravel packs have larger pores that are more susceptible to blockage by aggregates
of clay and sand.

Figure 16. Evolution of pressure difference (a) and permeability (b) for 20/40-mesh gravel packs at
different clay contents.

Figure 17. Comparison of sand production for 16/30-mesh (a) and 20/40-mesh (b) gravel packs at
different clay contents.

A combined analysis shows that clay content alters both the flow behavior of the
fluid–particle system and the pore-throat structure of the filter layer, causing a pronounced
nonlinear degradation of gravel-pack sand-control performance. At low clay contents, the
gravel pack can maintain a stable bridging structure and effective multistage filtration. At
high clay contents, however, permeability drops sharply, and the coupled effects of fine-
particle migration and clay plugging can substantially shorten the effective sand-control
period. Moderately reducing gravel size can partially alleviate deep plugging within the
pack, but the effective clay-content threshold for reliable sand control still requires further
experimental investigation and verification.

3.6. Numerical Verification and Mechanistic Interpretation
3.6.1. Numerical Method

Several fluid–solid coupling approaches have been developed that combine the dis-
crete element method (DEM) with fluid-flow models, including Darcy–DEM, CFD–DEM
(computational fluid dynamics), LBM–DEM (lattice Boltzmann method), SPH–DEM
(smoothed particle hydrodynamics), and DNS–DEM (direct numerical simulation) [50,51].
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Each has inherent limitations. DEM–Darcy is not suitable for high-velocity flow or particle-
laden suspensions [52]. SPH is a continuum-based method that strongly depends on
macroscopic constitutive relationships [53]. And DNS has limited capability for handling
particle–particle collisions efficiently [54]. Because the above methods have some defects,
both LBM–DEM and CFD–DEM have been widely applied to investigate sand-production
mechanisms and migration behavior in conventional oil and gas reservoirs.

CFD–DEM has distinct advantages for resolving particle migration and is now widely
used to study microscale particle transport in screens and gravel packs. The DEM was first
proposed by Cundall in 1971 as a numerical method for analyzing assemblies of discrete
particles [55]. Its key strength is that each physical particle is modeled individually, allowing
the position, velocity, and contact forces of every particle to be computed and tracked at
each time step [56]. DEM is therefore well suited for simulating particle-scale motion
and interactions. In CFD, the fluid flow field is solved over each time step. In a coupled
CFD–DEM simulation, the fluid flow and particle motion are computed simultaneously,
and the two-way interaction between fluid and particles is explicitly accounted for. As
a result, the simulation can realistically capture particle-transport behavior [57]. On this
basis, several commercial software combinations have been used to model fluid–particle
interaction, such as OpenFOAM + LIGGGHTS, ANSYS Fluent + EDEM, and PFC3D. In this
study, the simulations were carried out using a coupled ANSYS Fluent–EDEM framework
(Figure 18). The governing equations of the numerical model are given in the Appendix A.

Figure 18. Flowchart of the coupled CFD–DEM simulation procedure.

3.6.2. Model Description

To focus on sand transport, spatial distribution, and the plugging process within the
gravel pack, a one-way fluid–solid coupling model was adopted. To balance computational
cost and accuracy, the cylindrical sand-control unit used in the physical experiments was
simplified to a cubic model with a reduced inlet area, as shown in Figure 19a,b. This
geometric simplification does not affect the essential features of sand migration. The model
consists of a 30 mm × 30 mm × 12.5 mm gravel-pack layer and five 0.3 mm outlet channels.
Sand-laden fluid enters through the entire square inlet face and exits through the outlet
channels. The overall configuration is based on the gravel-pack sand-control unit used in
the experiments. A structured mesh with 51,402 grid points and 25,350 hexahedral control
volumes was generated for the CFD domain. Gravel particles were packed inside a cubic
container bounded by rigid walls, as shown in Figure 19c. The particles were allowed to
settle under gravity without additional compaction, yielding a packing density of about
95%, which better represents field conditions and provides sufficient pore space and flow
channels for reservoir-sand migration.
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Figure 19. Physical sand-control unit (a), numerical model (b), and gravel-pack model (c).

Two particle sizes, 0.8 mm and 1.2 mm, were used in the model to represent the gravel-
pack layer, which approximately matches the experimentally optimized gravel size of
16/30 mesh (0.60–1.18 mm). The material properties of the gravel particles are summarized
in Table 3. Based on the reservoir sand grain-size distribution, two size fractions of reservoir
sand were defined in the simulation: sand with a median grain size (0.2 mm) and fine sand
(0.1 mm). Because the simulations do not focus on deformation and collisions between
gravel and reservoir sand, and previous studies have shown that Young’s modulus and
shear modulus have only a minor influence on CFD–DEM results [50,58–61], a relatively
low shear modulus was assigned to accelerate the calculations. The injected fluid properties
were chosen to match those of the reservoir crude oil and the experimental test fluid, with
a density of 840 kg/m3 and a dynamic viscosity of 0.005 kg/(ms).

Table 3. Parameters used in the simulation.

Particle Property Value

Gravel

Diameter/mm 0.8, 1.2
Proportion 40%, 60%

Poisson’s ratio 0.25
Density/kg/m3 2500

Shear modulus/Pa 106

Coefficient of restitution
to gravel 0.36
to sand 0.45
to wall 0.3

Coefficient of static friction
to gravel 0.6
to sand 0.5
to wall 0.4

Coefficient of rolling friction
to gravel 0.03
to sand 0.03
to wall 0.01

Sand

Diameter/mm 0.1, 0.2
Proportion 30%, 70%

Poisson’s ratio 0.25
Density/kg/m3 2660

Shear modulus/Pa 2 × 106

Coefficient of restitution
to sand 0.4
to wall 0.3

Coefficient of static friction
to sand 0.6
to wall 0.4

Coefficient of rolling friction to sand 0.02
to wall 0.01

https://doi.org/10.3390/jmse14020139

https://doi.org/10.3390/jmse14020139


J. Mar. Sci. Eng. 2026, 14, 139 21 of 28

The flow in the system is modeled as one-dimensional, isothermal linear flow. At the
inlet, a sand-laden fluid velocity of 0.06 m/s is prescribed to match the constant injection
rate used in the experiments. The fluid outlet is assigned to a zero-gauge pressure boundary
condition. This boundary condition represents the drawdown pressure, i.e., the difference
between the reservoir pressure and the bottom-hole flowing pressure, rather than the
absolute values of these two pressures [62,63]. An Euler time-integration scheme is used
to better capture porous flow, particle collisions, and the plugging process. In Fluent, the
flow is solved with a heterogeneous Eulerian multiphase model. The Eulerian phase is
configured as a Dense Discrete Phase Model (DDPM), in which the carrier fluid (oil) is
coupled with the reservoir-sand particles generated in EDEM to form the sand-laden fluid.
The viscosity model is described by the RNG k–epsilon model with scalable wall functions
(SWFs). To ensure stable and efficient two-phase coupling, pressure–velocity coupling is
handled using the Phase-Coupled SIMPLE algorithm. The momentum, volume-fraction,
and turbulence transport equations are discretized with a first-order upwind scheme to
achieve robust convergence. In the discrete-phase model, Saffman lift, virtual-mass forces,
pressure-gradient forces, and two-way turbulence coupling acting on the EDEM particles
are all considered.

3.6.3. Analysis of Reservoir-Sand Migration Results

Figure 20 shows the distribution of reservoir sand within the gravel pack at 1 s, where
green denotes 0.2 mm sand and red denotes 0.1 mm sand. The coarse particles mainly
accumulate near the formation side at the outer surface of the gravel pack, filling large pores
and compressing the gravel toward the casing. A smaller portion of coarse sand penetrates
deeper, usually as aggregates of multiple grains, and further fills medium-to-large pores
inside the pack, thereby building a dense multistage filtration and bridging structure. The
fine particles penetrate more deeply and occupy a wider region, but this does not imply
sand-control failure. Early migration and breakthrough of fine particles are unavoidable.
As reservoir sand of different sizes progressively fills the medium and large pores within
the gravel pack, an increasing fraction of the fine sand is trapped in the shallow part of
the pack.

 

Figure 20. Spatial distribution of reservoir sand in the gravel pack: (a) all reservoir sand, (b) 0.1 mm
sand, and (c) 0.2 mm sand.

Figure 21 shows snapshots of the local sand distribution within the gravel pack at
different times, which helps to visualize particle migration and the plugging process. The
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evolution can be divided into four stages: the initial stage, the surface-accumulation stage,
the deep-filling stage, and the equilibrium stage. In the surface-accumulation stage, as fluid
enters the pack, fine particles move easily through the pore network and are transported
rapidly. Coarse particles, together with part of the fine particles, begin to accumulate
in the larger pores near the outer surface of the gravel pack, forming local plugs. Flow
channels at the surface start to close, and a bridging structure begins to develop, as shown
in Figure 21b. In the deep-filling stage, some coarse particles gradually penetrate deeper
and fill the medium-to-large pores inside the gravel pack, thereby constructing a multistage
filtration structure, as shown in Figure 21c. Surface pores are nearly filled, and the further
invasion of coarse particles is largely controlled. In the equilibrium stage, the surface
of the gravel pack is fully covered by sand, and both the large pores at the surface and
the medium-to-large pores in the interior are essentially filled by the two kinds of sand,
forming a stable multistage filtration and bridging structure, as shown in Figure 21d.
Sand migration within the gravel pack is nearly complete, the flow field reaches a steady
state, and most fine particles are retained near the surface with almost no additional fines
penetrating deeper into the pack. This indicates that an effective sand-control barrier has
been established. This four-stage evolution is consistent with the experimental observations,
in which gravel-packed sand-control units exhibit a “pressure difference that first increases
and then stabilizes, accompanied by very low late-time sand production.”

 
Figure 21. Migration and plugging of reservoir sand within the gravel pack.

4. Discussion
This study demonstrates the superiority of gravel packing for sand control in light-oil

unconsolidated sandstone reservoirs and clarifies the underlying sand-retention mech-
anisms of the gravel-pack layer. Previous work has shown that fluid viscosity is a key
parameter affecting gravel-pack performance. Based on the reservoir properties of the
Weizhou oilfield, this work conducts extensive multi-parameter gravel-pack experiments
and simulations under low-viscosity oil conditions, thereby filling an important gap in the
optimization of gravel-pack sand control for light-oil reservoirs.

A noteworthy observation emerged from the experimental results. The optimal gravel
size under clay-rich conditions deviates from the traditional Saucier guideline, which
recommends gravel sizes of 5–6 times the median reservoir-sand grain size. When reservoir
clay content increases, the present results suggest that moderately reducing the gravel
size to about 3–4 times the median sand size yields a more stable pressure curve. This
is because aggregates of clay and reservoir sand tend to cause deep plugging within the
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gravel pack, whereas smaller gravel sizes help confine such plugging to the near-surface
zone. This trend has also been confirmed in previous studies: for example, Yang et al. [64]
found experimentally that selecting gravel sizes 3–4 times the median reservoir-sand size
reduces the probability of sand–gravel intermixing.

From an engineering perspective, this setup is mainly used to rapidly identify ex-
perimental trends, optimize parameters, and narrow the range of design variables. The
resulting observations are broadly consistent with existing studies, confirming that these
experimental simplifications are reasonably reliable. This, in turn, provides a convenient
basis for future validation using full-scale sand-control simulators under more realistic
engineering conditions such as longer-term cyclic production. And the experiments pro-
vide baseline data for the future development of predictive models for the final residual
permeability of sand-control units under different sand-control strategies.

The numerical simulations in this work reveal that gravel-pack plugging evolves through
four stages, which correspond well with the experimentally observed pressure–time curves
and sand-production trends. However, existing studies on microscale plugging mecha-
nisms have rarely incorporated the effect of clay content. In reality, clay occurs mainly as
clay minerals, with montmorillonite in particular exhibiting strong swelling and adsorption,
and it plays a crucial role in plugging within sand-control units. The microscale migration
and plugging mechanisms of particles under clay-coupled conditions should therefore be
a key focus of future research. In particular, combined pore-scale visualization, microflu-
idic experiments, and coupled numerical simulations are recommended to quantitatively
resolve the interactions between clay particle and fluid.

5. Conclusions
Based on the grain-size distribution and crude-oil properties of the light-oil unconsoli-

dated sandstone reservoirs in the Weizhou oilfield of the South China Sea, a series of visual
sand-control experiments was designed and conducted. The sand-control performance of
gravel packing was compared with that of premium screens, and the effects of gravel size,
packing thickness, packing density, and clay content on gravel-pack sand-control behavior
were systematically evaluated. In addition, a coupled CFD–DEM numerical model was
used to investigate the plugging mechanisms within the gravel pack. The main conclusions
are as follows:

(1) Under long-term operation, the pressure-difference curve of the gravel pack follows
a “rise–then–stabilize” pattern, indicating the formation of a stable bridging structure
and a multistage filtration zone. The time to reach stable production is 38.1% shorter
than for the screen, showing higher late-time stability and adaptability. Under clay-
bearing conditions, screens are more prone to fine-sand breakthrough. After a stable
bridge forms in the gravel pack, the controlled sand production is reduced by 74.4%
compared with the screen.

(2) Low-viscosity oil has a stronger sand-carrying capacity than water, which accelerates
both sand production and plugging. Compared with the water phase, the stabilized
pressure difference across the sand-control unit increases by 12%, and the pressure
curve rises more rapidly.

(3) For the target reservoir characterized by heterogeneous fine sand and low clay content,
gravel sizes of approximately 3–6 times the median reservoir-sand grain size provide
an optimal compromise between permeability and sand-retention efficiency. If the
gravel is too fine, clay and fine sand readily accumulate near the surface, causing
a rapid permeability decline. If the gravel is too coarse, pore throats become too wide,
and the risk of fine-sand breakthrough increases.
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(4) In field applications, it is critical to ensure sufficient packing thickness (≥25 mm)
and packing density (90–95%). Insufficient thickness or low packing density leads
to pronounced pressure fluctuations and can promote the formation of preferential
sand-production channels or severe local plugging.

(5) Clay content is strongly positively correlated with the pressure difference across
the gravel pack. High clay content can cause severe coupled plugging by clay and
sand, yet the pressure curve ultimately stabilizes, indicating that gravel packs retain
a certain adaptability to increasing clay content. At moderate clay contents, slightly
reducing the gravel size to about 3–4 times the median reservoir-sand grain size can
mitigate clay–sand coupled plugging.

(6) Gravel-pack plugging proceeds through four stages: initiation, surface accumulation,
deep filling, and equilibrium. Coarse particles first form a skeletal bridge near the
boundary and at the surface; part of the coarse and fine particles then progressively
fill medium-to-large pores inside the pack, and the system gradually develops a stable
multistage filtration structure. This evolution is consistent with the experimental
observation that the pressure difference first increases and then stabilizes, while
late-time sand production remains very low.

Based on the experimental and numerical simulation results, the following guidelines
are recommended for practical gravel-pack applications. The gravel size should first be
determined according to the median formation sand size (d50) and the clay content of the
target reservoir. The traditional Saucier criterion is applicable to sandstone reservoirs with
low clay content (<5%). For formations with relatively higher clay content, a reduced gravel
size of approximately 3–4 times the median formation sand size is recommended. In addi-
tion, considering reservoir conditions and operational constraints, field implementation
should ensure a packing thickness greater than 25 mm and a packing density of 90–95% to
achieve improved sand-control performance.
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Appendix A
Appendix A.1. Fluid Control Equation

In CFD–DEM, the fluid phase is treated as a continuum and solved using the
Navier–Stokes equations [65]. The corresponding mass and momentum conservation
equations can be written as

∂

∂t

(
α f ρ f

)
+∇ ·

(
α f ρ f ν f

)
= 0 (A1)

∂

∂t

(
α f ρ f ν f

)
+∇ ·

(
α f ρ f ν f ν f

)
= −α f∇p − α f µ f∇2ν f + Sp (A2)
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where α f is the volume fraction of the fluid, dimensionless; ρ f is the fluid density, kg/m3;
ν f is the fluid velocity, m/s; p is the fluid pressure, Pa; µ f is the fluid viscosity, Pa·s; and
Sp is the momentum term—that is, the body force of each fluid unit or the force of sand
particles in the fluid unit on the fluid, N/m3.

Appendix A.2. Particle Motion Control Equation

Newton’s Equation (A3) and Euler’s Equation (A4) describe the motion of each particle,
including both translational and rotational components [66].

mp
dνp

dt
= Fp + mpg (A3)

Ip
dwp

dt
= Tp (A4)

where mp is the mass of the particle, kg; νp is the translational velocity of the particle, m/s;
wp is the angular velocity of the particle, rad/s; Ip is the inertia moment of the particle,
kg·m2; Fp is the total force on the particle, N; Tp is the torque acting on the particle, N·m;
and g is the gravitational acceleration, m/s2.

Appendix A.3. Force Between Fluid and Particles

The interaction forces between the fluid and particles include drag, Saffman lift,
buoyancy, gravity, pressure-gradient force, and the Basset history force. Among these,
drag is the dominant force driving the motion of reservoir sand in the fluid. The drag
force primarily reflects the momentum exchange between the fluid and particles, and the
Di Felice model is one of the most commonly used approaches for describing drag in
particle-blocking problems [32]. Its expression is given by

Fp, f =
1
2 Cdρ f r2

p

∣∣∣Vi − Vf

∣∣∣ε(2−χ)
f

χ = 3.7 − 0.65exp
[
− (1.5−lgRep)

2

2

] (A5)

where Rep is the Reynolds number of fluid sand, dimensionless; rp is the radius of sand, m;

Cd is the drag coefficient, dimensionless, Cd =

(
0.63+ 4.8√

Rep

)2
; χ is the correction coeffi-

cient; and ε f is the porosity.
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