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ABSTRACT: Self-suspended proppants, which enable clear-water fracturing, represent a promising new class of
materials for reservoir stimulation. Given the economic limitations associated with their exclusive use, this study
investigates proppant transport behavior in hybrid systems combining self-suspended proppants with conventional
40/70 mesh quartz sand at various mixing ratios. A dedicated experimental apparatus was developed to replicate
field-relevant complex fracture networks, consisting of a main fracture and two branching fractures with different
deflection angles. Using this system, sand bank formation and proppant distribution were examined for both
conventional quartz sand fracturing and fracturing augmented with self-suspended proppants. The effects of slurry
discharge volume, proppant mixing ratio, sand ratio, and injection location of the self-suspended proppant on
transport and placement behavior were systematically analyzed. According to the results, the incorporation of
self-suspended proppants markedly enhances the proppant-carrying capacity of the slurry and substantially modifies
sand bank morphology. Increasing the discharge volume raises the inlet slope angle and promotes greater proppant
penetration into branch fractures. The proportion of self-suspended proppant governs slurry viscoelasticity and,
consequently, proppant settling behavior. As the fraction of self-suspended proppant decreases, the equilibrium
height of the sand bank increases, while the proppant mass fraction within branch fractures exhibits a non-monotonic
response, initially decreasing and then increasing. Variations in sand ratio alter both overall proppant concentration
and the self-suspended proppant-to-water ratio, thereby modulating slurry rheology and influencing proppant
placement. In addition, changes in injection location affect near-wellbore vortex structures, leading to distinct sand
bank morphologies.

KEYWORDS:Unconventional oil and gas; clearwater fracturing; self-suspended proppant; complex fractures; assisted
sand transportation

1 Introduction

Hydraulic fracturing is an important means to enable efficient exploration and development of
unconventional oil and gas resources. The proppant is carried by the fracturing fluid into the formation and
settles and accumulates in the fractures, and its placement pattern greatly affects the reservoir modification
effect [1–5]. Unconventional oil and gas reservoirs usually use guanidine gel fracturing fluid or slickwater
fracturing fluid [6,7]. However, guanidine gel fracturing fluid is complicated to formulate, costly and
harmful to low-permeability reservoirs; slickwater fracturing fluid has low viscosity, poor sand-carrying
capacity, and produces short effective fracture half-lengths; according to the research, both of them lead to
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a significant decrease in the inflow capacity of artificial fractures and natural fractures in reservoirs [8–11].
To address this critical issue, the core focus of this research shifted towards achieving effective proppant
delivery while minimising impairment to fracture flow capacity. The solution lies in transferring part
of the sand-carrying function from the fracturing fluid to the proppant itself [12–14]. Self-suspended
proppant is prepared by wrapping a layer of polymer around quartz sand or ceramic grains. The key to its
self-suspending ability lies in the hydration and swelling of this polymer layer upon contact with water,
forming a viscous hydrogel shell around the grain. This shell significantly reduces the apparent density of
the proppant and increases inter-particle drag, enabling it to remain suspended in low-viscosity fluids such
as clear water, and this technology combines traditional proppant and fracturing fluid, which can realize
clear water fracturing, reduce construction difficulty and improve fracturing efficiency [15–18]. At present,
the self-suspended proppant has not been applied on a large scale, and there are fewer studies on its flow
mechanism and particle settling law in the fracture [19–21].

At present, the research on self-suspended proppant mainly focuses on performance evaluation,
and many scholars have evaluated and tested self-suspended proppant for its anti-shear performance,
drag reduction performance, suspension performance, glue breaking ability, and temperature resistance.
Zhang and Qin respectively prepared and studied the rheology of viscoelastic self-suspension proppant,
particle settling law and principle of suspension, as well as the expansion type self-suspension proppant
in the fracture transport and laying performance, the results show that the viscoelastic self-suspension
proppant surface coating is dissolved when it meets water [22]. The solution is a power law fluid and
has viscoelasticity, which is the dominant factor for the particles to levitate, and the effective density
decreases and then reduces the settling ability after the swelling type self-suspension proppant meets
water [23–25]. The density decreases which in turn reduces the settling rate and improves the proppant
placement efficiency, but the final equilibrium height of the sand embankment is small [26]. Cao mixed the
self-suspended proppant with ceramic grains, and tested the suspension performance of the mixed proppant
with different ratios, and the results showed that, when the ratio of the self-suspended proppant is higher,
the suspension time of the proppant is shortened, the settling time is increased and the self-suspension
ability is improved. The authors suggested that this hybrid proppant can not only significantly reduce the
cost, but also improve the reservoir adaptability of the self-suspended proppant [27].

A few scholars have conducted experimental or numerical simulation studies on the transport and
placement law of self-suspended proppant. Li compared the movement of self-suspended proppant and
ceramic proppant in a single fracture through experimental studies and found that self-suspended proppant
can increase the height of the suspension zone and the sand dike, and improve the proppant placement
effect [28]. Deng used the Eulerian-Eulerian method to establish a numerical model of self-suspended
proppant transport and placement in complex fractures, simulated the transport of self-suspended proppant
under different influencing factors and fracture morphology, and found that the flow performance of
self-suspended proppant in branch joints is better compared with that in the main joints, which is
favorable for proppant placement in complex fractures [29]. Zhang experimentally investigated the
migration and distribution behaviour of self-suspended proppants within fractures, discovering that their
self-suspension properties significantly enhance migration distance and enable directional adsorption
onto fracture walls. This facilitates optimisation of proppant placement efficacy within complex fracture
networks [30]. This study aims to identify the favourable conditions for effective proppant placement
through comparative analysis of proppant distribution behaviour under different operating conditions. It
provides a theoretical basis for the rational design and parameter optimisation of self-suspending proppants
in fracturing operations.
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2 Experimental Equipment and Methods

In order to investigate the influence of different factors on the sand-carrying capacity of self-suspended
proppant, a large-scale experimental device for visualizing proppant transport in complex fractures was
built. The device mainly consists of a visualized fracture, a liquid storage tank, a circulation tank, a sand
agitator cage, a screw pump, a flowmeter, and a control console, among which the visualized fracture
mainly consists of the main fracture and two branch fractures at different angles, with the width of the
main fracture of 6 mm and the width of the branch fracture of 3 mm, which are shown in Fig. 1.

 
(a) Device schematic diagram 

 
(b) Physical picture of the device 

Figure 1: Schematic of complex fracture, (a) Device schematic diagram, (b) Physical picture of the device.

The experimental materials included water (viscosity of 1 mPa⋅s at room temperature), self-suspending
proppant and 40/70 mesh quartz sand.

After mixing the self-suspended proppant with 40/70 mesh quartz sand according to a certain ratio,
use the sand stirring cage to add it to the sand mixing tank at a certain rate and mix it with water, and
inject it into the visualized fracture device through the sand pump, meanwhile, the proppant spreading
process in the fracture device is recorded in real time.

In order to ensure that the experimental device can reflect the movement of the proppant in the fracture,
the experimental parameters were determined based on the pumping parameters in the field according to
the flow similarity criterion:
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𝑣𝑒 = 500
ℎ𝑒𝑤𝑒

ℎ𝑓𝑤𝑓 𝑛
𝑣𝑓 (1)

where ve is the experimental device fracture injection rate, L/min; vf is the on-site pumping injection rate,
10–18 m3/min; he is the experimental device fracture height, 0.3 m; hf is the fracturing site fracture fracture
height, 10–30 m; we is the experimental device fracture width, 6 mm; wf is the fracturing site fracture
fracture width, 6 mm; n is the number of perforation clusters, 2–5.

In this paper, with reference to the construction parameters of coalbed methane fracturing sites in
North China Oilfield and based on the similarity criterion above, the experimental program shown in
Table 1 was determined to study the injection rate volume, proppant configuration ratio, and injection
sand ratio.

The injection rate refers to the volumetric flow rate of fracturing fluid pumped into the formation per
unit of time. The proppant configuration ratio describes the compositional proportion of mixed proppants,
which in this study specifically denotes the ratio of conventional proppants to self-suspending proppants.
The sand ratio indicates the concentration of proppants in the carrying fluid.

Table 1 shows the experimental conditions, with displacements of 20, 30, 40, and 50 L/min, sand
concentrations of 15%, 20%, 25%, and 30%, and ratios of conventional and self suspending proppants of 1:0,
4:1, 5:1, 6:1, 7:1, and 8:1. The inlet section is perforated with upper, middle, lower, and fully open holes.

Table 1: Experimental parameters.

Injection Rate (L/min) Sand Ratio (%) Ratio of Conventional Proppants
to Self-Suspending Proppants Perforation Location

20, 30, 40, 50 20 5:1 fully open
40 15, 20, 25, 30 5:1 fully open
40 20 1:0, 4:1, 5:1, 6:1, 7:1, 8:1 fully open

40 20 5:1 fully open, middle,
upper-middle, lower-middle

3 Experimental Results

3.1 Proppant Placement Pattern

In order to better analyze the experimental results, three quantitative parameters, namely, the
equilibrium height of the sand dike, the inlet slope angle, and the initial sandbank distance (Fig. 2), were
determined to characterize the variation of the sand dike morphology.

Figure 2: Key parameters for proppant placement.
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The same time points of different experiments were selected to treat the sandbank profile to demonstrate
the proppant placement effect. As shown in Fig. 3a, during the buildup of clear water carrying 40/70 quartz
sand, at the initial stage (t1), due to the low viscosity and weak sand-carrying capacity of the clear water,
the proppant’s gravity is greater than the buoyancy force and the resistance of the clear water in the vertical
direction, and it is subject to the trailing force of the clear water and the resistance to flow in the horizontal
direction. Therefore, the proppant settles rapidly after entering the fracture and forms a small sand mound
at the bottom of the fracture; and in the middle of the laying period (t2), as the proppant continues to settle,
the height of the sand mound at the inlet continues to increase until the equilibrium height; in the later
stage (t3), the injected proppant is transported to the back of the sand dike, and the sand dike grows along
the length of the fracture.

 
(a) Quartz sand placement process 

 
(b) Self-suspended proppant-assisted sand placement process 

Figure 3: Quartz sand and self-suspended proppant placement patterns in main and branch fractures, (a) Quartz
sand placement process, (b) Self-suspended proppant-assisted sand placement process.
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After the addition of self-suspended proppant for assisted sand transport, the sand-carrying capacity of
the liquid is enhanced due to the dissolution of the surface coating of the self-suspended proppant, and the
transport distance of the proppant is increased, and at this stage (t1) some of the proppant is transported out
of the fracture due to the limitation of the length of the experimental setup. In the pre-proppant injection
period (t2), a large amount of proppant is continuously transported in the fracture, and a small amount
of proppant settles and spreads uniformly at the bottom of the fracture to form a thin layer of sand; with
further injection of proppant (t3), the proppant continues to settle and grows along the direction of the
fracture height until it reaches the equilibrium height, and the sand dike approximates to be planar in the
middle of the fracture, which is shown in Fig. 3b.

3.2 Analysis of Influencing Factors

3.2.1 Injection Rate

Fig. 4 shows the arrangement of proppant in the main and secondary fractures after increasing the
injection rate from 20 L/min to 60 L/min. From the morphology of the main fracture sand embankment (in
Fig. 4a), it can be seen that on the one hand, the height of the sand embankment decreases continuously
with the increase of injection rate, indicating that the sand carrying capacity of the liquid increases with
the increase of injection rate. At the same time, the injection rate also had a significant impact on the inlet
of the main fracture. When the injection rate was low, the accumulation of fracture support agent easily
blocked the lower hole, while this phenomenon did not occur after exceeding 40 L/min. The height of the
sand embankment in the secondary fracture (Fig. 4b) also shows the same trend, that is, as the injection rate
increases, the flow rate of the secondary fracture increases, and the height of the sand embankment decreases.

 
(a) Main fracture (b) Branch fracture 

Figure 4: Proppant stacking pattern under different injection rate conditions, (a) Main fracture, (b) Branch fracture.

Fig. 5 shows the equilibrium height of the sand dike at each discharge rate, and the overall trend
is decreasing with the increase of the discharge rate. At low discharge rates (20 L/min–30 L/min), the
proppant will accumulate at the entrance of the fracture, increasing the risk of sand plugging, while at
large discharge rates (40 L/min–60 L/min), the liquid scouring effect on the sand dike is significant, and a
sand dike will be formed in the near-well area, and the slope angle of the entrance of the dike shows an
exponential trend of increase with the increase of the discharge rate (Fig. 5). This indicates that there is a
critical injection rate between 30 L/min and 40 L/min that can block the lower hole.
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Figure 5: Sand dike equilibrium height percentage and inlet slope angle for different discharge conditions.

For proppant placement in complex fractures, the percentage of proppant mass in branch fractures is
an important evaluation parameter. The equilibrium heights of the sand embankment at different discharges
and the ratio of the proppant mass in the branch fractures to the total proppant mass in the complex
fractures are statistically presented in Fig. 6. The percentage of proppant in the branch fractures increases
with increasing discharge from 24.3% to 28.3%, and the largest increase in the percentage of proppant in the
branch fractures is observed when the discharge rate is increased from 20 to 30 L/min, and the percentage of
proppant in the branch fractures is increased from 30 to 30 L/min. to 60 L/min, the proportion of proppant
in the branch fracture showed a linear increasing trend with the increase of injection rate.

Figure 6: Mass percentage of proppant entering the support joints under different injection rate conditions.

Fig. 7 statistically shows the mass distribution of proppant in each plate. At a discharge rate of 20 L/min,
the liquid is weak in sand-carrying capacity, and the proppant is prone to settle in the near-well region, so the
proppant is significantly more distributed in the first plate compared to other injection rates, and it can be seen
that the sand quantity in main1 is much higher than other injection rates. while for large injection rates, the
liquid trails the particles with more force, enabling the proppant to overcome the flow resistance and transport
to the end of the fracture, so the distribution of proppant is more in the end of the fracture, i.e., the third plate,
and relatively less in the first plate. At the same time, it can be seen that there is not much difference in the
amount of sand deposited at different displacements in main II, main III, and secondary fractures.
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Figure 7: Proppant quantity distribution for different injection rate conditions.

3.2.2 Proppant Configuration Ratio

When the self-suspended proppant meets water, its surface coating dissolves, which increases the
resistance coefficient of the liquid, improves the viscosity and elasticity of the liquid, and together increases
the trailing force of the liquid on the proppant and reduces the settling speed of the proppant [31]. Therefore,
the configuration ratio of the self-suspended proppant has an important influence on the proppant placement.

Fig. 8 shows the experimental results of transporting different conventional proppants and self
suspended proppants at different mixing ratios. From Fig. 8a, it can be seen that as the proportion of
conventional proppant increases, the height of the sand embankment in the main seam continues to
increase, indicating that the higher the proportion of self suspended proppant, the stronger its sand carrying
capacity. Similarly, the height of the sand embankment in the secondary seam also decreases with the
increase of the proportion of self suspended proppant (Fig. 8b). Analyzing the reasons, as the proportion
of self suspended proppants increases, the more compounds dissolve on the surface of the proppants, the
higher the fluid viscosity, and the stronger the sand carrying capacity.

 
(a) Main fracture (b) Branch fracture 

Figure 8: Proppant stacking pattern under different proportioning conditions, (a) Main fracture, (b) Branch fracture.

With a larger proportion of self-suspended proppant, the proppant is subjected to greater trailing
forces and has a lower settling velocity, which makes it less likely to settle, and the liquid is more likely to
carry the proppant to the far end of the bank, which in turn manifests itself as a lower equilibrium height
of proppant spreading (Fig. 9). Fig. 10 demonstrates the distribution of proppant mass in each plate under
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different proportioning conditions, and it can be seen that as the proportion of self-suspended proppant
configuration decreases, the mass of proppant in each plate increases, and the increase is the same as the
trend of equilibrium height growth in Fig. 9.

And as the configuration ratio of self-suspended proppant decreases, the proppant mass percentage
of the supported joints first decreases and then increases, reaching a minimum value of 26.46% at the
configuration ratio of 6:1.

 

Figure 9: Percentage of balance height of sand and percentage of mass of proppant entering the support joints under
different proportioning conditions.

Figure 10: Mass distribution of proppant under different proportioning conditions.

3.2.3 Sand Ratio

Fig. 11 shows the proppant accumulation pattern within the complex fracture under different injected
sand ratios, and it can be seen that the sand ratio has a significant effect on the proppant accumulation
pattern in the near-well zone, and the proppant is uniformly spread in the first plate under the condition
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of sand ratio of 10%; when the sand ratio is 15%, the initial sand dike is furthest from the wellbore, and a
large area of unpaved area occurs in the near-well zone. With the sand ratio further increasing, the initial
distance between the initial sand dike and the wellbore decreases as shown in Fig. 11a. The same pattern
is observed in the secondary fracture, where as the concentration of self suspending proppant increases,
the height of the secondary seam sand embankment decreases, indicating an increase in its sand carrying
capacity, as shown in Fig. 11b.

 
(a) Main fracture (b) Branch fracture 

Figure 11: Proppant accumulation pattern under different injected sand ratio conditions, (a) Main fracture,
(b) Branch fracture.

Fig. 12 demonstrates the percentage of equilibrium height of sand dykes, as the sand ratio increases
from 10% to 30%, the equilibrium height of sand dykes within the complex fractures shows a decreasing
trend from 63.8% to to 44.9%; when the sand ratio increases from 10% to 15%, the equilibrium height appears
to be decreased substantially; when the sand ratio increases from 15% to 25%, the equilibrium height does
not change much; when the sand ratio increases from 25% to 30%, the small decrease in equilibrium height.

For the proppant mass share of the support joints, it can be seen from Fig. 12 that, except for the case
of sand ratio of 20%, the proppant mass share of the support joints under other conditions does not differ
much, between 25.1% and 25.7%; when the sand ratio is 20%, the proppant mass share in the support joints
is the highest, 27.3%. Analyzing the reason for this in conjunction with Fig. 13, when the sand ratio is 20%,
the mass percentage of proppant in the first and second panels is similar to that in the sand ratio of 25%,
while it is obviously lower in the third panel, but its percentage in the 90◦ branch fracture is higher, which
indicates that proppant enters into a higher percentage of the 90◦ branch fracture.

The results of the equilibrium height and proppant mass distribution in Figs. 12 and 13 are quite different
from the laying down law of conventional proppant fracturing, and usually, when using conventional
proppant for fracturing, the larger the sand ratio is, the faster the proppant settles, and the higher the
equilibrium height of the sand bank is; however, for the present experiments, the increase of the injected
sand ratio also increases the ratio of injected self-suspended proppant to the liquid, which results in the
change of the concentration of the sand feed at the same time, the sand-carrying capacity of the liquid is
also changing, and the two together affect the proppant placement effect.
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Figure 12: Percentage of equilibrium height of sand dikes and percentage of mass of proppant entering the support
joints for different discharge conditions.

Figure 13: Proppant mass distribution for different sand ratio conditions.

3.2.4 Perforation Location

Fig. 14 demonstrates the proppant buildup morphology under different perforation locations, and it
can be clearly seen that the injection hole position mainly affects the sandbank morphology in the near-well
region, while the buildup morphology is basically the same in other positions.

In this paper, the flow field in the near-well region during the placement process is intercepted,
i.e., Fig. 15, and it can be found that the vortex morphology in the region changes significantly under
different Perforation location; in the case of three-hole injection, i.e., with the upper, middle and lower
holes fully open, the generation of large-scale vortices is suppressed due to the interaction of the three
jets and the region is characterized by only small-scale disordered vortices, which are more in number; for
the case of middle-hole injection, the region generates multiple small-scale vortices, and the downward
separation of the jet separates the vortex to roll the proppant to the vicinity of the wellbore or to carry
the proppant to the rear, resulting in no proppant buildup in the rear half of the first plate; for mid-upper
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borehole injection, due to the mutual interference of the two jets and the suppression of the vortex at the
top of the fracture, the region generates a large-scale vortex that rolls the proppant back to the vicinity
of the wellbore, while the tail of this region still has a small amount of However, the scouring effect of
the large-scale vortex on the sand dike in the near-well region resulted in a lower height of the sand dike.
During injection in the middle and lower holes, there was no large-scale vortex in the region due to the
influence of the proppant buildup at the bottom of the fracture, and there was a vortex in the middle of the
region that rolled the proppant back to the vicinity of the wellbore for buildup, while the lower holes were
continuously scouring the sand dike.

 
 

(a) Branch fracture Main fracture (b) Branch fracture 

Figure 14: Proppant stacking pattern under different shot hole conditions, (a) Main fracture, (b) Branch fracture.

 
Figure 15: Flow field in the near-well region during layup under different injection conditions.

Different injection positions had little effect on the percentage of proppant mass entering the branch
fracture, while the effect on the equilibrium height wasmore significant (Fig. 16). The equilibrium heights are
similar for three-hole injection and lower-middle hole injection, with the largest percentage of equilibrium
height for middle-hole injection and the smallest for upper-middle hole injection. In the case of mid-hole
injection, the vortex is formed due to the shear of the fluid and there is no influence of other jets or walls,
the energy dissipation is large, the maximum velocity of the fluid decreases [32], the trailing force on the
proppant decreases, and settling is more likely to occur compared to the other injection hole locations, and
therefore is more distributed in the other plates and the equilibrium height is higher. When injected in the
upper and middle holes, the proppant takes longer to settle and travels farther due to the influence of the
upper hole jet, and is less distributed in the individual plates (Fig. 17), resulting in a lower equilibrium height.
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Figure 16: Percentage of equilibrium height of the sand dike and percentage of mass of proppant entering the support
joints for different shot hole location conditions.

Figure 17: Proppant mass distribution under different shot hole conditions.

4 Conclusion

In this paper, the simulation experiment of indoor self-suspended proppant-assisted sand transportation
was carried out, and the experimental conditions were determined based on the similarity principle according
to the on-site construction parameters, to study the influence of injection rate, proppant ratio, and sand
volume on the proppant placement pattern in complex fractures, and the main conclusions are as follows:
(1) The use of self-suspended proppant for assisted sand carrying will change the sand bank placement

pattern. The proppant first settles at the fracture entrance and gradually reaches the equilibrium
height before piling up along the length of the fracture in the case of quartz sand freshwater fracturing,
whereas in the case of self-suspended proppant-assisted sand carrying, the proppant is uniformly laid
to the equilibrium height along the height direction of the fracture.



14 Fluid Dyn Mater Process. 2026;22(1):8

(2) Discharge rate has a significant effect on the scouring of the sand dike in the near-well region, and
it is expected that there is a critical discharge rate between 30 L/min and 40 L/min that will block
the downhole. When the discharge rate is greater than 30 L/min, the inlet slope angle shows an
exponential increase with the increase of the discharge rate, and the proportion of proppant in the
support joint increases linearly.

(3) The ratio affects the viscoelasticity of the liquid, which in turn affects the settlement of particles. The
equilibrium height of sand embankment increased with the decrease of the proportion of self-suspended
proppant, while the proportion of mass of proppant in the support joints decreased and then increased,
and reached a minimum value of 26.46% at the ratio of 6:1.

(4) The effect of sand ratio on the assisted sand transport of self-suspended proppant is different from
that of conventional proppant in that changing the sand ratio will change the ratio of liquid to
self-suspended proppant, which in turn affects the sand transport capacity of the liquid. As the sand
ratio increases, the equilibrium height of the sand embankment shows an overall decreasing trend, and
the proportion of the mass of the proppant entering the support joints is highest at a sand ratio of 20%.
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