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Abstract
Sand production has been a shared problem in the development of weakly-cemented sandstone oil reservoirs. Sanding 
simulation and prediction are of utmost importance for the production optimization of this type of reservoir. For a long 
time, research on sand production has been centered on “what is produced from the formation,” such as the size and rate of 
produced sand. However, “what is left inside the formation,” which is the structural change of the rock after sanding, is also 
another intriguing and important topic for the management of sand-prone reservoirs. Some related studies have been carried 
out, and they have proposed that wormhole-like pore throat will appear after sand production, but the precise morphologi-
cal description and formation mechanism are still lacking. A series of sanding simulation experiments are performed to 
deepen the understanding of the sanding cavity pattern and its mechanism. The experiments are carried out using a visual 
sanding simulation apparatus. Through this, the complex wormhole sand production patterns are found and classified into 
single-branch wormhole cavity patterns and multi-branch wormhole cavity patterns. The extension processes of those dif-
ferent patterns are also demonstrated. Besides, this work discusses the change in the reservoir flowability performance in 
wormhole sanding mode, and the near-well flowability might be improved by actively inducing weakly-cemented sandstone 
to create a bigger aperture wormhole sanding pattern. Through the visual microscopic system, the sand competitive detach-
ment mechanism that induces wormhole extending is revealed, along with the cavities concurrent extension mechanism that 
induces multi-branch wormhole extending. Moreover, this work discusses the microscopic detachment forms which help 
explain the sand-produced rate from weakly-cemented sandstone. This work enhances and creates a novel understanding of 
the sanding patterns and mechanisms in weakly-cemented heterogeneous reservoirs, which is beneficial to providing direct 
guidance for sand production prediction and sand control optimization.

Keywords Weakly-cemented sandstone · Sanding simulation experiment · Wormhole sanding cavity · Microscopic sanding 
mechanism · Sand production law

Abbreviations
MBW  Multi-branch wormhole
SBW  Single-branch wormhole
UCS  Uniaxial compressive strength
VSSA  Visual sanding simulation apparatus

List of symbols
d
max

  Average maximum aperture (mm)
def  Dredging efficiency (MPa mm/s)
ΔP  Pressure drop during water flooding (MPa)
T  Water flooding time (s)
Vr  Sanding cavity volume ratio (%)

Introduction

A major current focus on weakly-cemented sandstone reser-
voir production is how to control sand grain migration. An 
effective forecast of sand production can serve as a strategic 
foundation for ensuing sand control. Additionally, the simu-
lation of the sanding cavity in the weakly-cemented reservoir 

 * Changyin Dong 
 dongcy@upc.edu.cn

1 Key Laboratory of Unconventional Oil & Gas Development 
(China University of Petroleum (East China)), Ministry 
of Education, Qingdao 266580, Shandong, China

2 School of Petroleum Engineering, China University 
of Petroleum (East China), Qingdao 266580, Shandong, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-023-01627-0&domain=pdf
http://orcid.org/0000-0002-8677-6517


1520 Journal of Petroleum Exploration and Production Technology (2023) 13:1519–1534

1 3

and the microscopic sand particle migration law are crucial 
for sand production prediction. Over the past decades, the 
sanding prediction numerical simulation and sand particle 
release law of weakly-cemented sandstone reservoirs have 
been the extensive research subjects, which have led to the 
relatively systematic foundation of theory and methodology. 
For decades, researchers mostly developed sand production 
prediction models based on the Mohr–Coulomb criterion, 
which suggested that sand transportation originated from 
the formation rock shear and tension failure (El-Sayed and 
Alsughayer 2001; Morita 1994; Alireza Nouri et al. 2007; 
Volonté et al. 2013; Wang and Zhang 2002; Wei et al. 2011; 
Weingarten and Perkins 1995). The analysis method based 
on the theory is relatively conservative, and in fact, many 
oilfield wells do not produce sand even under the predicted 
critical conditions (Weingarten and Perkins 1995). It is 
considered that sand production consists of two essential 
processes: rock failure and hydrodynamic transport to the 
wellbore of sandstone particles. Perforations can further 
complicate the effective stress patterns around the wellbore 
which may worsen the problem (Alireza Nouri et al. 2003). 
Meanwhile, some research also took the ductile failure of 
the weakly-cemented sandstone into consideration propos-
ing that the reservoir stratum will suddenly break down 
and produce sand when the plastic deformation exceeds the 
limiting strain value and successively established prediction 
models for sand production from weakly-cemented sand-
stone reservoirs (Nouri et al. 2009; Polillo et al. 1994; Wang 
and Sharma 2018). Macro-static factors and dynamic fac-
tors can reduce the strength of weakly-cemented sandstone 
and thus indirectly induce grains released from the forma-
tion. The sand production prediction model that varies with 
the production period was designed to calculate the critical 
drawdown under different water-bearing saturation states 
(Du et al. 2009). The above sand production mechanism 
and prediction methods are mainly based on the rock dam-
age criterion from the macroscopic perspective. Moreover, 
existing sand production mechanism and prediction methods 
hardly explain and describe the microscopic particle detach-
ment and transportation phenomena, especially the actual 
sand production rate and sand production pattern of the non-
homogeneous oil fields.

On the other hand, some scholars have examined the 
microscopic sand production method and pattern of weakly-
cemented sandstone and discovered that fluids mostly affect 
the loose sand particles by wrapping and transporting 
them rather than by mechanically harming the rock itself 
(Bagrezaie et al. 2022; Dong et al. 2020; Han et al. 2020; 
Russell et al. 2017; van den Hoek et al. 2000). Afterward, 
the mechanism of sand detachment from the rock skeletons 
and sand transportation was developed (Gwamba et al. 2022; 
Hashemi et al. 2022). The results of sand production experi-
ments in large cavities showed that the main role of fluid 

flow in sanding is to carry the particles and grains generated 
by compression failure to the rock rather than damage the 
formation rock itself (van den Hoek et al. 2000). Particle 
migration in weakly-cemented sandstone aggravates forma-
tion inhomogeneity, resulting in lower ultimate oil recovery 
than normally consolidated sandstones (Ju et al. 2006). A 
conceptual model of particle release, suspension, and cap-
ture was put forth to study the transit of clay inside rocks 
(Khilar and Fogler 1983). Several particles transport plug-
ging models and experiments have been run based on the 
Khilar model to investigate the porosity and permeability 
variations brought on by sand migrations as well as the dis-
tribution of residual oil (Habibi et al. 2012; Prempeh et al. 
2020; You et al. 2013). Researchers have combined the ero-
sion model with the stress model by volume strain based 
on the deformation of the oil sand matrix and discovered 
that a “wormhole” might form along the direction of the 
maximal permeability and porosity due to the presence of 
reservoir inhomogeneity (Wan and Wang 2004). It was pro-
posed that the degree of particle migration is mainly influ-
enced by fluid flow rate variation that is greater than the flow 
rate itself. Large pores are more likely to occur in reservoirs 
with weak cementation and high permeability, which pro-
vided early theoretical support for particle migration and 
sand production patterns (You et al. 2004; Zeng et al. 2005). 
The microscopic spalling and transporting behavior might 
cause changes in the rock skeleton construction and the 
formation of deficit macropores, which greatly impact the 
physical properties such as the permeability of the forma-
tion (Bagrezaie et al. 2022; Han et al. 2020; Russell et al. 
2017). For inhomogeneous reservoirs and formations rang-
ing in different cementation strengths, some researchers have 
initially proposed sand production patterns of pore lique-
faction, wormhole, and continuous cavity, through visual-
izing sand production experiments, which have improved 
the understanding of sand particle migration mechanism 
from the microscopic perspective (Dong et al. 2020). The 
experiments revealed the wormhole pattern produced by the 
sand intrusion in the gravel layer of high mud-bearing strata, 
which further verified the universality of the wormhole sand 
production pattern and inspires the research of the sanding 
mechanism and pattern (Dong et al. 2022; Jin et al. 2021).

Overall, these studies of sand production mechanism and 
sand prediction have enriched and advanced the understand-
ing of solid-phase production. The limitations are that the 
studies of sand migration mechanism are currently focused 
on macroscopic mechanical rock failure, and the understand-
ing of the microcosmic mechanism and sanding cavity pat-
tern extension law for various strength non-homogeneous 
reservoirs is not deep and systematic enough. It is also 
difficult to simulate and predict the structural changes of 
near-well reservoirs, especially the cavity pattern left after 
sand peeling off and transporting. In response to the above 



1521Journal of Petroleum Exploration and Production Technology (2023) 13:1519–1534 

1 3

problems, experiments were conducted on the sand produc-
tion pattern and mechanism of this type of reservoir to reveal 
the complex sanding cavity, analyzing its extensional mech-
anism. Meanwhile, the flowability performance is studied 
to better know how the wormhole sanding pattern impact 
on the near-well reservoirs. The authors conduct a targeted 
study of wormhole sanding patterns, clearly presenting vari-
ous wormhole results and their extending progress in the 
weakly-cemented sandstone reservoir, quantitatively analyz-
ing the effect on reservoir flowability performance, which 
is different from the previous research. Moreover, this work 
innovatively studies the generation and extension mecha-
nism of wormhole cavity patterns by capturing the behavior 
of micro-sand grains while flooding and reveals the basic 
cause of multi-branch wormhole pattern generation.

This work first introduces the experiment methods. Then, 
this work displays the main experimental results of macro-
scopic sand production patterns. And later this work estab-
lishes a quantitative method to compare various sand pro-
duction patterns and discusses how those patterns affect the 
oil reservoir. Thirdly, it discusses the extending mechanism 
and microscopic detachment behavior of the sand production 
wormhole patterns. The analysis of wormhole and micro-
scopic mechanism could be used to explain the macroscopic 
sand production problem in the oil field. Finally, the impor-
tant conclusions are organized at the end of this paper.

Experiment methods

Experiment apparatus

The study relies on the micro-visualization sand produc-
tion simulation experiments through the visual sanding 
simulation apparatus (abbreviated as VSSA), as shown in 
Fig. 1. The VSSA is a small-scale fluid-driven sand produc-
tion simulation system. It is equipped with a high-pressure 
plunger pump which provides up to 15-MPa fluid pressure. 
The system is mainly designed to observe and capture the 
sand production process and mechanism induced by stress 
and fluid at the granular scale. Furthermore, the system can 
be used to study the transporting and clogging phenomena of 
sand particles in porous media by microscopic observation. 
The VSSA system is computer-controlled and consists of the 
following main parts: sanding simulation models, a high-
pressure plunger pump, a microscopic observation module, 
a sand collector, pressure sensors, and a data acquisition 
system (Fig. 2). The pipeline connecting the high-pressure 
plunger pump to the injection side of the sanding simulation 
models serves as the system’s power source. It can provide 
up to 600-mL/min fluid flow rate with an accuracy of ± 0.5%. 
The microscopic observation module primarily consists of 
a video microscope with 50–400 times magnification (refer 

to 20" monitor), which is mainly used for timely observa-
tion, photography, and video recording of visual sandstone 
models during experiments. There are two pressure sen-
sors: one is installed at the injection side of the thin section 
sandstone models with a measuring range of 15 MPa, and 
the other is installed at the outflow side with a measuring 
range of 0.6 MPa. The measurement accuracy of both the 
inlet and outlet pressure is 0.1%, and it is accompanied by 
a power supply, conversion module, and data acquisition 
software. The output sand–water mixture from the thin sec-
tion of the sandstone model will be separated through the 
sand collector, discharging the waste liquid into the liquid 
collector. The sand collector volume is up to 50 g, while 
3-L liquid can be held in the liquid collector, allowing for 
uninterrupted continuous experiments. The produced sand 
in the sand collector is dried and weighed to obtain the final 
sand production rate after the experiment. A total of 6-mm 
piping and valves are employed in the whole VSSA system. 
The data acquisition system is connected to the pressure 

Fig. 1  General view of the visualization system for the microscopic 
process of sand production

Fig. 2  Schematic of the visualization system for the microscopic pro-
cess of sand production
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sensors and the plunger pump to directly read and record 
the injection pressure, outlet pressure, and flow rate during 
the experiment. Thus, the pressure drops and flow variation 
patterns in complex sand production modes can be analyzed.

Main sanding simulation models

The trapezoidal sanding models and the rectangular sand-
ing models are designed, respectively (Fig. 3), to simulate 
near-well stratigraphy characteristics and far-well stratig-
raphy characteristics, which are the key parts of the VSSA. 
Since it is difficult to fetch thin sections of rock from weakly-
cemented sandstone formations, the modes are designed and 
used to contain the simulation sanding sample. Each of them 
can be considered a stratigraphic unit. To ensure the sand-
ing takes place at the surface of samples and to visually 
observe the sanding cavity with its extending process, the 
thin models must be designed carefully with a sand-filling 
thickness of 5 mm, together with a transparent cover for 
taking pictures. The trapezoidal model is 16-mm wide at the 
top base, 80-mm wide at the bottom base, and 100-mm long, 
with a sand-filling volume of 45 g. The rectangular model is 
50-mm wide and 100-mm long, with a sand-filling volume 
of 47 g. Both of the models are designed with a thin sand-
filling thickness of 5 mm to visualize the process of carving 
the sandstone skeleton by the sand particle migration on a 
two-dimensional plane. The main purpose of this work is 
to observe the extending cavity caused by sand production. 
And the characteristics of the sanding cavities are mainly 
dominated by cementing strength along with its non-homo-
geneous and stochastic distribution. Due to the poor pressure 
resistance of the thin models, extra confining stress was not 
applied in this experiment to achieve the main purpose. The 
trapezoidal model was mainly used, which itself generates a 
certain amount of confining stress when a high fluid pressure 
gradient and flow rate are applied because of the gradually 

narrowing shape. Further study on this topic will be continu-
ally conducted in the future and will take confining stress as 
an important factor into consideration. The fluid is injected 
from the wider end of the trapezoidal sandstone model, 
converges at the narrow end, and then flows out (Fig. 3a). 
The convergence phenomenon of fluid flow lines in the trap-
ezoidal model restores the actual flow characteristics of the 
near-well reservoir and enables the study of the microscopic 
sand production process and the mechanism of the near-well 
weakly-cemented sandstone reservoir. The trapezoidal mod-
els are mainly used in this experiment as particle migrations 
of the near-well reservoir are a more serious issue. The fluid 
flow line in the rectangular sandstone model advances gen-
tly, and the flow velocity distribution is more uniform, which 
is suitable for studying the sand production characteristics 
of far-well stratigraphy (Fig. 3b). There is a glass window 
above the sandstone model, allowing the direct observation 
of the change in the skeleton of the weakly-cemented sand-
stone and the microscopic process of sand production when 
the fluid flows through it. The maximum pressure of the thin 
section models is 15 MPa. In this work, the microscopic 
dynamic expansion patterns of sand production in thin sec-
tion models were analyzed by photographic or video record-
ing through the microscopic observation module.

Materials and conditions

The simulation sand sample was filled in the models to simu-
late the sanding stratigraphic units since thin section sand-
stone cores are hard to obtain. The simulation sand sample 
was configured with a median particle size of 160 μm and 
a uniformity factor of 7.3 using quartz sand. Epoxy resin 
was selected as the cementing agent for the experiment 
considering the production cost and the difficulty of adjust-
ing the stratigraphic unit properties, which is also one of 
the commonly used cementing agents for making artificial 
cemented cores in the laboratory (Xu et al. 2017). Firstly, 
the simulation sand sample was mixed with the cementing 
agent in a certain proportion, after filling the model, placed 
a specified item on top to achieve the compaction and then 
dried at 80 °C for 3 h to produce weakly-cemented flake 
sandstone. Meanwhile, the standard cylindrical sandstones 
with the same composition and same cementing agent pro-
portion were prepared to test uniaxial compressive strength 
(abbreviated as UCS), as shown in Fig. 4. The same overlay 
stress was applied to make the thin samples and the stand-
ard cylindrical samples as similar as possible, the same 
stress was applied, maintaining the same compaction before 
cementing. Hence, kept samples for the same mixing ratio 
have similar internal microstructure and strength values. 
The UCS of the standard cylindrical samples ranged from 
0.02 to 1.33 MPa, which can be considered to be extremely 
weakly cemented (Fjær et al. 2021). This experiment calls 

Fig. 3  The trapezoidal and rectangular sandstone models. a The trap-
ezoidal simulation model and b the rectangular simulation model
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for visual observation of the microscopic transport behavior 
of sand grains in the models, but crude oil’s color causes 
visual interference, and functioning under a microscope is 
difficult. And the viscosity may cause clogging and holding 
pressure which may exceed the models’ pressure resistance. 
Therefore, the experiments were conducted in freshwater 
to make sure both the microscope and the models could 
work properly, which is also one of the limitations of this 
research. The results of the sand production were subject to 
the composite effect of multiple factors such as displacement 
flow and fluid viscosity. This experiment was conducted at 
room temperature (25 °C), and a fluid flow rate of 125 mL/
min was set constantly to minimize interference from the 
aforementioned parameters. The actual flow rate and pres-
sure recorded by the sensors depend on the experimental 
displacement process and flow resistance. All experimental 
conditions are shown in Table 1.

Method and procedure

After the sample preparation and cementation, the sanding 
simulation models are flushed with water injected from the 
liquid storage tank. The specific procedure of the experiment 
is as follows:

(a) Apply the trapezoidal or rectangular sanding models 
to the VSSA, ensuring that both upstream and down-
stream valves are kept open.

(b) Turn on the power of the video microscope and adjust 
the micro-magnification to focus on the simulated rock 
structure.

(c) Fill up the liquid storage tank and set the piston pump 
to the designed flow rate. Empty the sand collector and 
liquid collector, checking the connectivity and sealabil-
ity.

(d) Turn on the data acquisition system and officially start 
the experiment.

(e) Observe and take pictures to record the sanding pattern 
in the models.

(f) End the experiment when the pressure reaches a rela-
tively stable state.

(g) Export all data collection and take out the separated 
produced sand for drying and weighing.

During the experiment, freshwater from the liquid stor-
age tank is pumped to the thin section model under pressure 
by the plunger pump, carrying out the sand grains inside it. 
Sand grains are transported to the sand collector module 
via pipes, and the waste liquid finally flows to the liquid 
collector after being separated from the sand. The experi-
mental sandstone models are particularly small compared 
to the actual field scale, and the sand production reaches 
stability soon at the early stage. Each round of experiments 
lasts about 20 min.

Fig. 4  View of simulation sand 
sample, standard cylindrical 
sandstone for UCS testing, and 
sand simulation model

Table 1  A summary table of all testing conditions

No. Uniaxial compressive 
strength (MPa)

Model Flow rate (mL/min)

1 0.202 Trapezoidal 125 ± 0.5
2 0.202 Rectangular
3 0.703 Trapezoidal
4 0.018 Trapezoidal
5 0.029 Trapezoidal
6 0.180 Trapezoidal
7 0.166 Trapezoidal
8 1.189 Trapezoidal
9 0.382 Rectangular
10 0.670 Trapezoidal
11 0.674 Rectangular
12 0.629 Trapezoidal
13 1.019 Trapezoidal
14 1.126 Trapezoidal
15 1.334 Trapezoidal
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Results and discussion

Wormhole sanding cavity

The wormhole sanding cavity found in the past studies was 
relatively simple, and this work fills the gap by discovering 
a more complex wormhole sanding cavity pattern. And for 
the first time, quantitative means are used to depict these 
sanding patterns and the underlying relationships between 
different strengths and wormholes. The main experimental 
results of complex sanding cavity patterns are studied in 
this part from qualitative description to quantitative analysis.

Sanding cavity of single‑branch wormhole

Samples with different uniaxial compressive strengths 
are made through different ratios of the cementing agent. 
And some results of the single-branch wormhole (abbre-
viated as SBW) patterns in those samples are observed as 
shown in Fig. 5. SBW represents the sand production pore 

throat in the model that has only one branch or has more 
branches that are not interconnected. Most of the single-
branch wormhole sanding cavities occur in models with 
0.02 MPa–0.3 MPa UCS. The models in this strength range 
are usually extremely porous in structure and are highly sus-
ceptible to destabilization during fluid flow. Sand production 
reaches stability early in the experiment, and a stable sand 
production pattern can be observed within a short time after 
the fluid flow. The single-branch wormhole generally shows 
a large pore-throat pattern through the models (Fig. 5a–c). 
Figure 5d shows the rectangular sanding model of the exper-
imental apparatus, and the experimental results also observe 
the wormhole sand production pattern. However, its cavity 
volume ratio is only 39.4% of that of the trapezoidal model 
at the same intensity, indicating that sand production will 
intensify under near-well confluence conditions, and the for-
mation will face a more complex deficit pattern. The sand-
ing cavity volume ratio reflects the volume of the wormhole 
sanding cavity to the sandstone model. With the increase in 
UCS, the sanding velocity of the weakly-cemented near-well 
reservoir gradually decreases, and the sanding cavity volume 

Fig. 5  Single-branch wormhole sanding cavity in different uniaxial compressive strength samples. a UCS of 0.018 MPa; b UCS of 0.029 MPa; c 
UCS of 0.202 MPa; d UCS of 0.202 MPa; e UCS of 0.703 MPa; and f UCS of 1.189 MPa
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ratio decreases, while the extensional irregularity of the sand 
production deficit pattern becomes stronger, and the flow 
channel equivalent diameter and extension distance decrease 
significantly, as shown in Fig. 5e and f. The single-branch 
patterns may indicate that the near-well reservoirs are prone 
to rapid breakthroughs by fluid and the formation of large 
pore-throat high-permeability channels.

Sanding cavity of a multi‑branch wormhole

The sanding cavity of a multi-branch wormhole (abbrevi-
ated as MBW) can be observed as more than one intercon-
nected sand production deficit cavity, generally extending 
from a single-branch expansion. In the uniaxial compressive 
strength interval of about 0.02 MPa–1.33 MPa, 66.7% of the 
wormhole sanding cavity was observed to exhibit compli-
cated multi-branch extension with one bifurcation or multi-
ple bifurcations under the same flow conditions. Figure 6a 
and b shows the post-experimental deficit pattern of trap-
ezoidal models with similar uniaxial compressive strengths, 
and MBW sanding pattern extends with two to four branches 
during the extension process, with each branch extending 
in different directions and velocities but basically along the 
flow direction. Figure 6c and d shows the sand production 
pattern of a wormhole sanding pattern observed in rectan-
gular cores, with the number of branches ranging from 2 
to 7, and the overall pattern is more irregular compared to 
trapezoidal models.

A quantitative description of the wormhole is beneficial 
to the subsequent study of the relationship between sand 
production patterns and reservoir flowability performance 
improvement. The denudation depth, equivalent diameter, 
extension length, and extension rate are proposed to quantify 
the sand production pattern of a wormhole. The denudation 
depth is the diameter of the sanding cavity in the vertical 
direction of the sample, and the equivalent diameter reflects 
the diameter in the horizontal direction. The combination of 

denudation depth and equivalent diameter reflects the over-
all wormhole scale. Since the wormhole shape is extremely 
irregular, the five largest points are measured and averaged 
to obtain the average maximum aperture for each worm-
hole. The average maximum aperture measurement results 
for each group are shown in Table 2. The extension length is 
measured directly, and it represents the extension degree of 
the wormhole cavity pattern in the fluid flow direction. The 
extension rate reflects how fast the extension length grows, 
calculated through the extension length and total flooding 
time. Because most of the MBW patterns are shallower than 
the SBW patterns in terms of denudation depth, with rela-
tively smaller equivalent diameters, the average maximum 
apertures are, therefore, smaller as a result. And as shown 
in Table 2, the extension length of MBW is also relatively 

Fig. 6  Multi-branch wormhole sanding cavity in different uniaxial compressive strength samples. a UCS of 0.629 MPa; b UCS of 0.670 MPa; c 
UCS of 0.382 MPa; and d UCS of 0.674 MPa

Table 2  The average aperture for each wormhole

No. Uniaxial com-
pressive strength/
MPa

Sanding 
cavity pat-
tern

Average maxi-
mum aperture/
mm

Extension 
length/mm

1 0.202 SBW 6.80 128.82
2 0.202 SBW 3.18 97.54
3 0.703 SBW 5.45 139.71
4 0.018 SBW 5.75 143.65
5 0.029 SBW 8.97 44.87
6 0.180 SBW 6.13 82.21
7 0.166 SBW 7.31 149.17
8 1.189 SBW 9.28 116.06
9 0.382 MBW 4.47 28.76
10 0.670 MBW 9.82 103.65
11 0.674 MBW 8.76 100.56
12 0.629 MBW 7.23 117.45
13 1.019 Others 0.31 197.52
14 1.126 Others 0.05 12.55
15 1.334 Others 0.80 158.65
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smaller than SBW during the same flooding time, which 
indicates the slower extension rate of MBW. Thus, it can 
be concluded that the complex multi-branch pattern has 
the characteristics of simultaneous expansion of multiple 
branches, and a wide range of morphological extension, but 
a slow rate of reaching stable sand production. All of the 
wormhole patterns have a direct influence on the reservoir 
structure of the weakly-cemented sandstone.

A large number of wormhole sand production patterns 
were observed with the artificial simulation sandstone in 
different UCS, two-thirds of which were common single-
branch patterns, while the others exhibited varied multi-
branch extension patterns. The experimental final data are 
displayed in Fig. 7, which shows the sand production rate 
and patterns in different uniaxial compressive strengths. 
Since it is difficult to ensure absolute uniformity of tested 
samples and the UCS cannot accurately reflect the cement-
ing strength of sanding models, the research only serves as 
a guide for the general law of strength influence rather than 
examining the specific impact on sand production patterns. 
Additionally, since the models were particularly small com-
pared to the actual field scale, it is found that the final sand 
production patterns were slightly different between rectan-
gular models and trapezoidal models for the same mixing 
ratio, which is also reflected in Fig. 7. Therefore, the sanding 
patterns are not discussed strictly in terms of trapezoidal 
and rectangular models. The strength is indeed a key fac-
tor affecting the quantity of sand produced from weakly-
cemented sandstone formations and the sand production 

pattern of wormhole patterns. Due to the non-homogeneous 
cementation and random distribution of sand particles, the 
apparent pattern of weakly-cemented sandstones is com-
plex and diversified, and the experimental results obtained 
from different classes of wormhole patterns lack obvious 
strength boundaries. Preliminary statistics show that there 
is a low occurrence of wormhole sanding patterns under the 
0.75–1.5 MPa UCS, with an average sand production rate of 
1.6 g and an average cavity volume ratio of 0.82%. Besides, 
the occurrence of MBW sanding pattern is 66.7% in the 
interval of 0.3–0.75 MPa, with an average sand production 
rate of 4.45 g, and an average cavity volume ratio of 8.55%. 
The models with UCS below 0.3 MPa showed mainly SBW 
sanding patterns with more produced sand, averaging 6.06 g, 
and a higher final cavity volume ratio averaging 12.52%. 
Preliminary statistical results show that with the increase in 
uniaxial compressive strength of samples, the single-branch 
wormhole sand production patterns in the models can be 
extended to multi-branch patterns.

Extending the performance of sanding wormhole

An obvious extension of the single-branch pattern (Fig. 8) 
has been observed under the condition of using the pre-
pared sand sample configured with 0.6% cementing agent 
content, and the cemented sample’s UCS was tested to 
be 0.202 MPa. At the outlet end, fluid first carries away 
unconsolidated loose sand to form an early fluid channel. 
The weakly-cemented sand exposed in the early fluid chan-
nel continues to be subjected to fluid forces, and the sand 
particle and weakly-cemented interface gradually flake off 
and begin to transport. The original bits of sand grains and 
sand masses replenish to the fluid channel, forming a larger 
flow space. The macroscopic performance of the simulated 
weakly-cemented sandstone is that a collapse deficit point 
first appears near the exit end at the early stage of the repul-
sion. The deficit point is continuously extended under the 
competition mechanism of sand exfoliation at the front, and 
the sand is continuously exited during the extension pro-
cess. Meanwhile, the flow pressure difference between the 
models’ inlet and outlet slowly decreases. When the pattern 
extends to the inlet side, a dominant large pore channel is 
produced in the simulation models and the flow pressure dif-
ference drops steeply, after which the sand production rate 
equilibrates and the pressure remains stable.

An expansion process of the more complex multi-branch 
extension sanding pattern is observed (Fig. 9) under the con-
dition of using the prepared sand sample configured with 
0.8% content of cementing agent, and the strength of the 
cemented sample was tested to be 0.674 MPa. Due to the 
limitation of the model’s scale, the existing studies cannot 
avoid the influence of the boundary effect on the sand pro-
duction pattern for the time being. The sanding patterns in 
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those samples tend to emerge along the edge face of the 
model when flushing, but the overall sand production pat-
terns of the wormhole from different experimental results 
still reflect great variability. Comparing the differences 
between the above single-branch pattern and multi-branch 
pattern during dynamic extension, it is found that the monot-
onous single-branch wormhole can complete the longitu-
dinal extension around the 180th second. In addition, the 
volume growth of the sanding pore mainly depends on the 
lateral expansion with no more branches generated, and the 
pore edge gradually expands outward under fluid flushing. 
The single-branch wormhole is observed at 1020th second 
as shown in Fig. 8d. The morphological scale is about twice 
that of the early stage. The longitudinal extension of the 
pore throat of the multi-branch wormhole is relatively slow, 
and the derived sub-pore throat has extension tendencies in 
all directions driven by the non-uniform flow field and the 

non-homogeneity of the model. The MBW sanding mor-
phology is not strictly distinguished from the SBW sanding 
pattern, which might be considered an advanced form of 
the latter. It is highly possible that SBW is transformed to 
MBW after meeting the condition that is elaborated in the 
micro-mechanism below.

One important trend in this field from an experimental 
point of view is the scale upgrading of tests and the devel-
opment of instruments for monitoring the morphology of 
sand production. The current indoor experiments on solid 
production simulation are still limited to small and medium 
scales which are much smaller than the actual oil reservoir 
conditions. As a result, it is restricted that investigating more 
realistic extension laws of sanding patterns and reservoir 
physical changes. In addition, the actual deficit of the sam-
ple and the physical alteration of the oil reservoir can only 
be grasped by accurately capturing and recording the sand 

Fig. 8  The macroscopic extending performance of the sanding cav-
ity of the single-branch wormhole. a The performance of the sanding 
cavity after the 30th second with total pressure drop 8.8 kPa; b the 
performance of the sanding cavity after the 180th second with total 

pressure drop 60.1 kPa; c the performance of the sanding cavity after 
the 420th second with total pressure drop 122.5 kPa; and d the per-
formance of the sanding cavity after 1020th second with total pres-
sure drop 195.5 kPa

Fig. 9  The macroscopic extending performance of the sanding cav-
ity of the multi-branch wormhole. a The performance of the sanding 
cavity after the 38th second with total pressure drop 11.6 kPa; b the 
performance of the sanding cavity after the 128th second with total 

pressure drop 65.0 kPa; c the performance of the sanding cavity after 
the 218th second with total pressure drop 185.3 kPa; and d the per-
formance of the sanding cavity after 1118th second with total pres-
sure drop 360.7 kPa
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production patterns during the experiment. The sand predic-
tion model can be advanced after more accurate knowledge 
of the generation mechanism of various sanding patterns 
and the relationship of their influence on the oil reservoir.

Flowability performance improvement

The following discussion focuses on the experimental results 
of the complex wormhole sand production morphology. This 
section presents a method to quantify the extent to which 
wormhole affects reservoir structure, providing an idea for 
applying experimental analysis results to actual oil fields. 
And this method requires first going through the pressure 
drop and sanding deficit volume situation in the wormhole 
mode.

In the process of displacement, the fluid will flush out the 
loose and weakly-cemented sand particles from the pore, 
reconstructing the sandstone skeleton, increasing the pore 
throat, and expanding the pore diameter. As the resistance to 
flow decreases, the sandstone is thus considered to change its 
flowability properties. The apparent phenomenon is that the 
deficit of the core and the extension of sand production pat-
terns are gradually noticeable, while the pressure appears to 
be reduced to different degrees with the decrease in the flow 
resistance. The flow performance changes can be reflected in 
the pressure drop, sand production rate, and cavity volume 
ratio. It is found that there are large dynamic evolution dif-
ferences under different sand production patterns by record-
ing the experimental pressure difference and flow realities, 
with basically the same flow rate. The pressure of the water 
flooding process is divided into three stages: the transient 
high-pressure stage, the rapid pressure drop stage, and the 
stable low-pressure stage. The water flooding pressure of 

weakly-cemented sandstones peaks at the instant of pumping 
on, while the high-pressure phase in the wormhole sanding 
pattern lasts for a very short time, and the main differences 
are reflected in the pressure drop and low-pressure phases. 
The single-branch pattern mainly appears in extremely 
low-strength sandstone. The weak cementation surface is 
stripped rapidly, showing a rapid pressure drop curve, and 
the stable low pressure is reached within 200–300 s. The 
sand production is mainly concentrated in this period of 
pressure drop and nearly maintains the equilibrium if no 
other factors interfere in the low-pressure stage (Fig. 10). 
The complex multi-branch pattern is mainly found in higher 
strength sandstones. The duration of the pressure drop phase 
in this pattern is relatively longer, and the pressure drop 
from the peak is sluggish, which lasted about 810–1200 s 
in the experiment (Fig. 11) during which the sand particles 
produce continuously and steadily.

Fig. 10  Pressure at the fluid inlet side corresponding to the single-
branch sand production patterns in trapezoidal models

Fig. 11  Pressure at the fluid inlet side corresponding to the multi-
branch sand production patterns in trapezoidal models
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The slope of the sanding cavity volume–time curve in 
Fig. 12 can reflect the deficit rate of different sand produc-
tion patterns. The single-branch wormhole pattern deficit 
is rapidly in the pressure drop stage, while the sand pro-
duction cavity volume turns to a low-rate growth when it 
enters the low-pressure stage due to the delayed horizontal 
expansion of the deficit pore. The cavity volume growth rate 
of multi-branch wormhole sand production patterns in the 
pressure drop stage is lower than that of the single branch. 
In general, the sand production from the weakly-cemented 
sandstone behaves as follows: The sand grains are produced 
at a fast rate and in a large amount at the early stage, and 
then gradually decrease and stabilize in the later stage. The 
results show that the cavity volume ratio growth rate of the 
single-branch pattern is greater than that of the multi-branch 
pattern, which is also reflected in the sand production rate. In 
the way of single-branch extension, the cavity volume ratio 
gradually tends to a certain stable value after experiencing 
the transient violent sand grain migration and being able to 
form a large aperture, low tortuosity sand production chan-
nel that helps dredge the formation.

The formation of wormhole patterns increases the com-
plexity of the pore-throat structure of sandstone reservoirs 
on the one hand and provides spatial conditions for the 
accumulation and circulation of oil on the other. In other 
words, when stable wormhole sanding cavity patterns are 
formed, this kind of sand production can produce a certain 
effect of unblocking the sandstone reservoir. A parameter 
is needed to directly reflect the relationship between dif-
ferent sand production patterns and the internal pore-throat 
structure of the rock and the flow performance of this kind 
of reservoir. Therefore, the study innovatively proposes the 
dredging efficiency and its calculation to characterize the 
improvement of the pore-throat structure and flow perfor-
mance by sand grains migration during fluid flooding. The 
dredging efficiency of the wormhole sanding cavity pattern 
in the experiments can be quantified by pressure drop, cavity 
volume ratio, and average maximum aperture, as follows:

where def is the dredging efficiency (MPa·mm/s),  T is the 
water flooding time (s), ΔP is the pressure drop during water 
flooding (MPa), d

max
 is the average maximum aperture 

(mm), and Vr is the sanding cavity volume ratio (%).
Figure 13 shows the results of cavity volume ratio and 

dredging efficiency for different experiments. The analy-
sis of the above pressure drop curve and the law of cavity 
volume ratio show that different sand production patterns 
have different dredging efficiencies on reservoir forma-
tion. The single-branch pattern allows the fluid to quickly 
break through to form a single large channel, while the 

(1)def =
3

√

Δp ⋅ dmax ⋅ Vr

T3
,

multi-branch extension mode allows multiple branches to 
expand simultaneously and prevents the fluid from quickly 
breaking through. The former is, therefore, more effective 
for sandstone dredging than the latter. The results of the 
above different experimental calculations yielded a range 
of 0.001270.00397 (MPa·mm   s−1) for the sand dredg-
ing efficiency of the single-branch pattern and a range of 
0.0015–0.00278 (MPa·mm  s−1) for the multi-branch pat-
tern. The average dredging efficiency of the two patterns is 
about 0.00263 (MPa·mm  s−1) and 0.00232 (MPa·mm  s−1), 
which means that the dredging efficiency of the SBW with 
macroporous structure is 1.13 times higher than that of the 
complex multi-branching wormhole pattern. This study con-
cluded that the aperture of the main pore channel of the 
wormhole sand production pattern determines the dredg-
ing efficiency of the sand grains migration process to the 
weakly-cemented sandstone reservoir. In addition, the 
diverging effect in the MBW weakens the local high fluid 
speed area and micro-flow field effect, resulting in the slow 
extension of each branch and the consequent reduction of 
reservoir dredging efficiency. Therefore, the formation of a 
single-branch pattern in the weakly-cemented sandstones is 
more conducive to guaranteeing the reservoir flow perfor-
mance later for oil. The active induction of single-branch 
wormhole pattern formation in large aperture flow chan-
nels with the technical assistance of proper sand release in 
the early stage may be of great importance for oilfield field 
enhancing production rate.

Micro‑mechanism of sanding cavity extension

This section discusses the manner and process of sand 
detachment which was not clearly captured from a micro-
scopic perspective in the previous studies. And the intrinsic 
relationship between complex wormhole sand production 
patterns and microscopic sand detachment behaviors is 
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revealed. Through this, this work proposes a new micro-
scopic sanding mechanism of the wormhole extension and 
reveals the formation causes of complex multi-branching 
wormholes in non-homogeneous sandstones.

Sand competitive detachment mechanism

The local microfluidic field in the leading edge region of the 
wormhole throat is the main trigger for the forward exten-
sion of the wormhole pattern. The stratigraphic sand near the 
hole throat of the wormhole competes for stripping with sin-
gle particles or clustered sand as the microscopic stripping 
unit. The detachment causes instantaneous changes in the 
skeletal structure of the leading edge of the wormhole cav-
ity, resulting in subsequent changes in the microfluidic field 
therein. The formation of a local high fluid speed area at the 
detachment of the pore throat, intensifying the detachment 
of the nearby sand, and the leading edge of the pore throat 

of the wormhole is thus rapidly extending (Fig. 14). It is 
suggested that the sand competitive detachment mechanism 
is the root of particle transport under fluid–solid coupling, 
which is particularly prominent in weakly-cemented sand-
stones and present in all sand production modes. At very low 
compressive strengths, such as the 0.02–0.3 MPa strength 
interval samples in this study experiment, the cemented 
weak interface is preferentially decomposed into particles 
by the fluid rapidly before it is stripped in the repulsion. 
The single-branch forms in this experiment nearly reach the 
stable sanding stage within 50–300 s after water flux, and the 
extension distance remains stable, which is closely related to 
the sand competitive detachment mechanism. This mecha-
nism explains why the sanding cavity of a single-branch 
wormhole appears and how it extends, but it does not yet 
explain the presence of a multi-branch wormhole. Therefore, 
the concurrent exfoliation mechanism is further revealed.

Cavities concurrent extension mechanism

The non-homogeneity and higher cementation strength 
of the sandstone are the main causes of a single-branch 
wormhole extending to a multi-branch wormhole. With the 
increase in intergranular cementation strength, the stripping 
consumption time of the weakly-cemented surface is longer, 
and the overall stripping rate of the core decreases. Before 
the new weakly-cemented surface is completely stripped, 
the microfluidic field at the front of the wormhole chan-
nel acts on the frontier particles in all directions. Besides, 
due to the presence of non-homogeneity, multiple weakly-
cemented surfaces may all meet the critical conditions for 
stripping and begin to flake off concurrently, thus forming 
multiple stripping surfaces, as shown in Fig. 15. When any 
branch penetrates the sand body to form a dominant flow 
channel, the fluid kinetic energy acting on other branches 
is weakened, and the extension stops or proceeds at a lower 
speed, thus forming a more stable multi-branched wormhole 

Fig. 14  Schematic diagram of the competitive sand detachment 
mechanism

Fig. 15  Schematic diagram of the cavity concurrent extension mecha-
nism of the MBW. a Concurrent detachment of weakly-cemented 
surfaces at the front of the wormhole pattern; b the branches of the 

wormhole extend forward; and c some branches extend quickly along 
the weakest cemented sand structure as dominant flow channels
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pattern, which is summarized as cavities concurrent exten-
sion mechanism. This mechanism is also present in all 
samples which means that all samples can develop into 
multi-branches. However, the fluid force on sand is much 
greater than the detaching resistance in samples with too low 
cementation strength, and the detachment is too fast for other 
weakly-cemented frontier particles to move, thus hard to 
form multiple branches. But it cannot be denied that multi-
branch wormholes can be observed in larger sample models. 
The single-branch wormholes and multi-branch wormholes 
discussed are only based on fixed-size models, while in fact, 
single-branch wormhole morphologies have the possibility 
of extending into multi-branching in the larger scale model. 
In that case, it is difficult to describe the sand production 
cavity patterns as “single” or “multiple,” but qualitatively 
summarize them as simple wormhole sanding morphol-
ogy with a small number of branches or complex worm-
hole sanding morphology with many branches. Based on 
the present experimental results, it is concluded that: When 
UCS is weaker than 0.3MPa, the reservoir sand production 
patterns tend to form simple wormhole patterns, and when 
UCS ranges between 0.3 and 0.9 MPa, they tend to form 
complex wormhole patterns.

This work provides a preliminary analysis of the critical 
conditions for sanding morphological extension by revealing 
the mechanism of sand detachment and wormhole expan-
sion. Combining the particle critical stripping model (Dong 
et al. 2022) might lead to a desirable trend of sand produc-
tion prediction and near-well reservoir numerical simulation. 
The near-well reservoir simulation technology is going to 
help engineers understand what the current structure is in 
the subsurface of old wells after a long period of sand pro-
duction. Hence, it is beneficial to make a better production 
regime and to adjust the existing sand control and production 
enhancement methods.

Sand detachment forms

The above study revealed wormhole sanding cavity and 
extension mechanisms, and it was also found that two types 
of detachment form existed under both sand competitive 
detachment mechanism and cavities concurrent extension 
mechanism: discrete particle  detachment and weakly-
cemented interface detachment as shown in Figs. 16 and 17. 
The former is where sand particles are individually stripped 
from the core skeleton and carried away by fluids, while 
weakly-cemented interface detachment is the sand cluster 
stripped from the rock skeleton in the form of clumps and 
wrapped by fluid.

Discrete particle detachment is more common in weakly-
cemented sandstone. When the fluid force on the particles 
is greater than the cementing force and friction between the 
particles, particles will be stripped from the rock skeleton 

and carried away by the flooding fluid. The exfoliation of 
sand particles does not take place in isolation as solid par-
ticles meeting the above detachment conditions at the same 
time will compete to be exfoliated from the rock. However, 
due to the non-homogeneity, the rock fluid–solid interface 
of the sand will not be uniformly peeled off one by one, but 
along the direction of the worst solidification. The flow field 
is constantly changing, along with the centralized extending 
direction changing, resulting in a tortuous deficit channel 
(Fig. 18). Non-homogeneous particle cementation and par-
ticle accumulation are prevalent in weakly-cemented sand-
stone, causing differences in cementation strength between 
different interfaces and contact points between the particles. 
And these relatively weak bonding strength interfaces and 
contact points together form sand migration units of clus-
ters that are easy to peel off from the rock. The microscopic 
stripping unit of the cluster in the form of weakly-cemented 
interface detachment is separated from the rock skeleton and 
transported out of its original position, causing an obvious 
deficit (Fig. 19).

Fig. 16  The discrete particle detachment form near the fluid outlet 
side of the No.2 sample

Fig. 17  The weakly-cemented interface detachment form near the 
fluid outlet side of the No.8 sample
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The microscopic mechanism of detachment in the form 
of weak cementation interfaces is the non-homogeneous 
cementation and non-homogeneous accumulation of sand 
particles. The cementation strength between particles inside 
the cluster sand is greater than the cementation strength of 
the weak cementation surface around it, and the fluid power 

flowing through is greater than the strength of this weak 
cementation surface, which triggers the gradual exfoliation 
of this sand cluster from the weak cementation surface. As 
shown in Fig. 20, in the pre-formed sand production ori-
fice, the local microfluidic field acts on the sand skeleton in 
the adjacent orifice, and a weak cementation interface that 
is relatively easier to peel off appears, which is gradually 
peeled off under the action of the fluid. When this weak 
cementation interface is completely peeled off, the adjacent 
rock skeleton takes over to produce a new weak cementation 
interface. The flow field and the cementation strength of the 
adjacent skeleton reach equilibrium, forming a stable sand 
exfoliation pore channel.

Under the pre-designed flow condition and sanding 
simulation models with uniaxial compressive strength of 
0.9–1.5 MPa, weakly-cemented interfaces can be observed 
to be stripped by the sand production simulation experiment, 
but it is difficult to capture the complete process of stripping 
due to the limitation of research conditions. The closer to 
the fluid convergence outlet, the higher the fluid pressure 
gradient, and the easier it is for the sand cluster to flake or 
further strip into particles. Therefore, a clear partial sand 
deficit can be observed at the outlet. The work finds that as 
the cementation strength of the sand increases, the harder it 
is for the cemented interface to meet the critical conditions, 
and the longer the peeling off consumption time. Hence, the 
pressure drop is relatively slower in the stronger cemented 
models, which is consistent with the reality that the stronger 
the cementation of the actual reservoir sandstone, the slower 
the production pressure reduction.

Conclusions

This paper discussed the macroscopic sand production pat-
terns and the microscopic mechanism by conducting visual 
sanding simulation experiments. The main conclusions are 
as follows:

Fig. 18  Microscopic view of discrete particle detachment deficits in 
the middle of the No.2 sample

Fig. 19  Microscopic view of weakly-cemented interface detachment 
deficits in the middle of the No.8 sample

Fig. 20  Progress of the weakly-cemented interface detachment to 
form the microscopic deficit during the sanding simulation near the 
fluid outlet side of the No.11 sample. a It shows a weakly-cemented 
interface with detaching tendency; b the weakly-cemented interface 

started detaching; c the cluster sand produced from the weakly-
cemented interface detaching started to be transported; and d formed 
a sand production cavity subsequently
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1. It is found that the multi-branch wormhole sanding cav-
ity can be extended from the single-branch pattern found 
in the previous research due to the non-homogeneity and 
randomness of cementation and construction in weakly-
cemented sandstone. This reveals that the effect of sand 
production on the formation structure is complicated, 
and a more accurate portrayal of the reservoir deficit 
profile is needed if the variation law of sand-prone res-
ervoir properties with production is to be predicted more 
precisely.

2. This paper proposes a quantitative way to depict these 
sanding patterns and the underlying relationships 
between different strengths and wormholes. The results 
show that with the increase in strength, the morphol-
ogy of wormhole sand production tends to be compli-
cated, and the aperture of sanding wormhole gradually 
decreases. The aperture of the single-branched worm-
hole, which generally occurs in very low-strength forma-
tions, is larger than the pore size of the multi-branched 
wormhole sand production pattern that occurs with 
increasing strength.

3. This work analyzes the improvement of flow perfor-
mance of the overall models induced by the wormholes, 
and a quantitative method is established for evaluation. It 
is proposed that moderate pre-sanding actively induces 
the formation of a large cavity single-branch wormhole, 
which helps improve the near-well oil flowability of this 
kind of reservoir.

4. It reveals the forms of discrete sand particle detachment 
and weakly-cemented interface detachment during the 
expansion of the sanding patterns, the latter has exac-
erbated the sand production rate because of the large 
amount of sand migration. And it reveals the competitive 
detachment extension mechanism that induces sanding 
pattern expansion and the cavities concurrent extension 
mechanism that induces multi-branch patterns in non-
homogeneous formation. These new microscopic dis-
coveries and mechanisms can improve the understanding 
of macroscopic sanding phenomena and help in the sub-
sequent research of reservoir deficit profile simulation.
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