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a b s t r a c t

The effect of mechanical strength of the dispersed particle gel (DPG) on its macro plugging performance
is significant, however, little study has been reported. In this paper, DPG particles with different me-
chanical strengths were obtained by mechanical shearing of bulk gels prepared with different formula.
Young's moduli of DPG particles on the micro and nano scales were measured by atomic force micro-
scope for the first time. The mapping relationship among the formula of bulk gel, the Young's moduli of
the DPG particles and the final plugging performance were established. The results showed that when
the Young's moduli of the DPG particles increased from 82 to 328 Pa, the plugging rate increased
significantly from 91.46% to 97.10% due to the distinctly enhanced stacking density and strength at this
range. While when the Young's moduli of the DPG particles surpassed 328 Pa, the further increase of
plugging rate with the Young's moduli of the DPG particles became insignificant. These results indicated
that the improvement of plugging rate was more efficient by adjusting the Young's moduli of the DPG
particles within certain ranges, providing guidance for improving the macroscopic application properties
of DPG systems in reservoir heterogeneity regulation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Profile control and water shutoff have been employed as
important techniques in highly efficient oilfield development.
During the water flooding development process of oilfields, various
chemical agents were applied to plug the high permeability zones
to enhance flow resistance, diverting the injection fluid to flow into
the low permeability zones, thereby enhancing the sweep effi-
ciency and oil recovery efficiency. Polymer gel is a three-
dimensional network structure constructed by chemical cross-
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linking of polymers in aqueous solution, which has been
commonly used as a plugging agent because of its low cost and
good adaptability (Al-Shajalee et al., 2020; Bai et al., 2015; Hajipour
et al., 2018; Syed et al., 2014). Although the gel systemhas beenwell
recognized as one of the most effective methods for profile control
and water shutoff (Seright et al., 2021), it still suffers from uncon-
trollable gel strength in reservoir conditions and there lies a conflict
between the migration distance and plugging strength (Ye et al.,
2010; Jia et al., 2017). Therefore, the bulk polymer gels are pre-
pared into dispersed particle gels (DPG) by physical shearing. The
particles are dispersed in aqueous solution stably with low vis-
cosity and controllable particle sizes, which are insusceptible to the
shear of the pumping or the dilution of formation water during
migration compared with the bulk gel (Dai et al., 2012; Zhao et al.,
2013, 2017). In addition, the DPG particles deform elastically in the
pore throat so that they can migrate to the deep part of the
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reservoir. As compared with other water plugging and profile
control agents, the DPG particles possess stronger deep fluid
diversion ability and have been widely applied in controlling water
cut in the late stage of reservoir development, making great
contribution to stabilizing oil production (Zhao et al., 2015, 2018).

Plugging performance is taken as an important index to evaluate
the application ability of the DPG particles in the oilfields, which is
mainly affected by their intrinsic characteristics (Zhao et al., 2014).
The impacts of physical properties such as the particle sizes and
concentrations of the DPG particles on the plugging performance
have been studied. Former studies have shown that the DPG par-
ticles plug the reservoir directly when the particle sizes are larger
than the pore throat radii, while they deform through the pore
throat and enter the deep part of the formation to plug the reservoir
when the particle sizes are smaller than the pore throat radii (Dai
et al., 2017). Moreover, great plugging effect can only be achieved
at an appropriate concentration of DPG particles, as too high con-
centrationwill lead to excessive plugging in the near-well zone and
the plugging effect of high permeability zones will be unsatisfac-
tory when the concentration is too low (Zhao et al., 2018a,b).
Although tremendous efforts have been dedicated to understand-
ing the functions of DPG particles, the effect of mechanical prop-
erties of the DPG particles has not been studied systematically so
far. DPG particles with different mechanical properties possess
different resistance to deformation after being squeezed during the
migration process, which would affect their plugging effects. The
method based on GSC strength codes and method based on rheo-
logical parameters are generally used to characterize the strength
of the bulk gels (Robert and Perry, 1988; Payro and Llacuna, 2006),
however, little study has been conducted on characterizing the
mechanical properties of the DPG particles. Micro-nano-scale
Young's modulus can reflect the ability of the DPG particles to
resist compression deformation when they migrate in the porous
medium, which can quantify the mechanical properties of the DPG
particles more accurately. Traditional methods for measuring
Young's modulus include optical lever stretching method, pulse
excitation method, and acoustic resonance method, etc. (Oral et al.,
2011; Rubino and Loppolo, 2016; Saeki et al., 2011). However, the
above-mentioned methods fail to characterize the mechanical
properties of materials on micro-nano scale. With the development
of nanomechanical measurement technology, atomic force micro-
scope has emerged as an advanced method for measuring the
Young's moduli of small-scale materials. Docheva et al. have used
AFM to gain the mechanical properties of cells (Docheva et al.,
2008). Young's modulus of polycrystalline titania microspheres
has been determined by in-situ nanoindentation of AFM (Hao et al.,
2014). Space-resolved quantitative mechanical measurements of
soft and supersoft materials have been conducted by Galluzzi et al.
(2016). Young's moduli of PS/mSiO2 microspheres were also
measured using the nanoeindentation analysis of AFM to optimize
the performance of hybrid materials (Chen et al., 2019).

In this paper, DPG particles with differentmechanical properties
were obtained by mechanical shearing of phenolic resin bulk gels
prepared with different concentrations of polymers and cross-
linkers. Young's moduli of DPG particles were measured by the
atomic force microscope for the first time. The plugging perfor-
mance of the DPG particles was obtained through core flow tests.
The mapping relationship among the formula of bulk gel, Young's
moduli of the DPG particles and the final plugging performancewas
established. The optimum range to adjust the Young's modulus of
DPG to boost the plugging performance was proposed so that
corresponding formula could be sought, providing guidance for
further optimizing the effect of the DPG particles on reservoir
heterogeneity control.
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2. Experimental

2.1. Materials

P82-2 polyacrylamide (dry powder) with an average molecular
weight of 14,000,000 and P87-5 phenolic resin cross-linker were
both purchased from Shanghai Macklin Biochemical Co., LTD. The
simulated formationwater applied throughout the experiment was
with a salinity of 10,000 mg/L (NaCl: 8500 mg/L; CaCl2: 1000 mg/L;
MgCl2: 500 mg/L).
2.2. Preparation of bulk gels

Polymer solutions with six different concentrations of 0.2%,
0.25%, 0.3%, 0.35%, 0.4% and 0.45% were prepared using simulated
formationwater. Then 1.2, 1.4, 1.6. 1.8, 2.0 and 2.2 g of phenolic resin
cross-linker were added respectively to 1000 mL of the above-
mentioned polymer solutions and stirred to form 36 uniform gel
solutions at room temperature. Then the uniform gel solutions
were injected into ampoule bottles and sealed jars. After reaction at
90 �C for 24 h in an oven, bulk gel systems with different cross-
linking densities and mechanical strengths were obtained.
2.3. Preparation of DPG particles

Bulk gel systems prepared above were mixed with simulated
formation water at a ratio of 1:1, and poured into a colloidal mill
(CM-2000 type, Shanghai Yiken Instruments Ltd., China). By con-
trolling the rotation speed at a frequency of 20e60 Hz with
3e10 min of cyclic shearing, 36 systems of micro-nano-scale DPG
particles with similar particle sizes were produced. The above ex-
periments were all conducted at room temperature.
2.4. Characterization of strength of bulk gels

Gel Strength Codes (GSC) method was used to characterize the
gel strength grade of the bulk gels systems in the ampoule bottles.
Rheometer (Haake Mars60) was used to evaluate the storage
moduli (Gʹ) of the bulk gel systems in the sealed jars. The rheology
tests were conducted at 25 �C with an angular frequency (u) of
6.28 rad/s. The linear viscoelastic region was determined first by
stress scanning at 0.1 Hz in the oscillatory shear mode before the
storage moduli of bulk gels were measured. The bulk gels were
aged at 90 �C for 30 days, and the changes of the gel strength grades
and storage moduli were measured every 5 days.
2.5. Characterization of Young's moduli of DPG particles

Atomic force microscope (AFM, Bruker Multimode 8) was used
to analyze the Young's moduli of DPG particles. A spherical silica
particle with a diameter of 5 mmwas stick to the original tip of the
probe SCANASYST-FLUID. The cantilever spring constant was cali-
brated as 0.06 N/m and the scan rate was set as 1 Hz. The micro-
morphology was scanned by Tapping mode of AFM. Then force-
distance curves of center pixels of the spherical particles in the
imaging process of DPG particles in liquid environment were
recorded in real time. During the measurement, the distance be-
tween the probe and the DPG particles was equivalent to the
deformation of the particle sample, which was signed as ds. Peak-
Force mode of AFM was used to measure the relationship curve
between force and ds. The equivalent radius R of the probe and the
sample was calculated using the following equation (Sun et al.,
2004).
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R¼ Rtip,Rs
Rtip þ Rs

where Rtip and Rs are the radius of the probe and the sample,
respectively.

By fitting the force curves with the Johnson-Kendall-Roberts
(JKR's) model, the Young's modulus E of the micro-nano-scale
DPG particle system was calculated using the following equation
(Tan et al., 2004; Cappello et al., 2020).

E¼ � 3ð1� v2Þ
4

ð1þ
ffiffiffiffiffiffi
163

p

3
Þ32, F1ffiffiffiffiffiffiffiffiffiffi

Rds
3

q

where v is the Poisson ratio of the sample, v ¼ 0.3; F1 is the
maximum adhesion force between the probe and the sample.

2.6. Plugging performance of DPG particle systems

Fig.1showsaschematicdiagramof theexperimental setup forwater
flooding. The initial permeability kw0 of the F25mm� 200 mm sand-
packed pipe was measured by water flooding experiment in the
single-pipe physical model. Sand-packed pipes with porosity of about
40% and similar initial permeability of about 0.5 mm2 were selected as
simulation cores for testing. Dispersionswith gel particle concentration
of 0.1% were injected into the simulation cores with similar initial
permeability at a speed of 0.5 mL/min for plugging until the liquid in-
jection volume reached 1 pore volume (PV).

During this process, the permeability of the simulation core
was kw1. Afterwards, the subsequent water flooding was per-
formed at a constant speed until the pressure at the output end
of the sand-packing pipe became stable. The permeability kw2 of
the simulation core during subsequent water flooding process
was obtained by the pressure change at the injection end of the
simulation core. The above experiments were all conducted at
room temperature. The plugging capability of DPG particles to the
large pore throats in the reservoir was characterized using the
Fig. 1. The illustration of water
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following equations:

k ¼ QmL
ADp

Rp ¼ kw0 � kw1

kw0

Fr ¼ kw0

kw1

Frr ¼ kw0

kw2

where Rp is the plugging rate; Fr is the resistance coefficient, Frr is
the residual resistance factor.
3. Results and discussion

Gel forming performance of 36 gel systems (with 6 different
polymer concentrations and 6 different cross-linker concentra-
tions) was characterized. The representative experimental results
of 6 groups were shown in Fig. 2. In Fig. 2a, when the concentration
of polymer P82-2 was 0.2% and the concentration of cross-linker
P87-5 was 0.6%, the gel strength was grade D based on the GSC
standard, and the fluidity of this system was strong. Fig. 2bee
showed the changes in the gel strength grades of the bulk gels. As
the concentrations of polymer and cross-linker increased, the
crosslinking density of the bulk gel enhanced, with themacroscopic
strength code gradually rising from D to G level. In Fig. 2f, when the
concentration of the polymer reached 0.45% and the concentration
of the cross-linker attained 1.1%, the gel strength was grade H.
When the ampoule bottle was inverted, the gel hardly flowed and
the surface was just slightly deformed.

The storage moduli Gʹ of the bulk gels prepared above were
further measured using a rheometer. As shown in Table 1 and Fig. 3,
flooding experiment setup.



Fig. 2. Macro image showing strength of bulk gels. (a) 0.2% polymer þ 0.6% cross-linker, (b) 0.25% polymer þ 0.7% cross-linker, (c) 0.3% polymer þ 0.8% cross-linker, (d) 0.35%
polymer þ 0.9% cross-linker, (e) 0.4% polymer þ 1.0% cross-linker, (f) 0.45% polymer þ 1.1% cross-linker.

Table 1
Storage moduli of bulk gels.

Cross-linker concentration, % Storage modulus of bulk gels at different
polymer concentrations, Pa

0.2% 0.25% 0.3% 0.35% 0.4% 0.45%

0.6 0.96 1.6 1.68 2.11 2.46 3.42
0.7 1.58 1.71 1.83 2.33 2.55 4.63
0.8 1.73 2.06 2.17 2.49 2.63 4.93
0.9 1.96 2.13 2.31 3.17 5.65 6.67
1.0 2.11 3.19 4.76 5.13 5.82 7.19
1.1 2.37 4.45 5.25 7.01 8.1 9.73

Fig. 3. The influence of concentrations of cross-linker and polymer on the storage
moduli of bulk gels.
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the storage moduli of the bulk gel systems were distributed from 1
to 10 Pa, all falling in the medium-strength gel regime. This result
was consistent with that obtained from the previous GSC method.

When the polymer concentration was no higher than 0.4% and
the cross-linker concentration was below 0.8%, with the increases
in polymer and cross-linker concentrations, the storagemoduli rose
slowly from 0.96 to 2.63 Pa. This small increase rate could be
attributed to the limited number of functional groups provided by
691
the linear polymer and cross-linker involved in the reaction.
Further increasing the concentrations of polymer and cross-linker,
the storage moduli of the bulk gel enhanced significantly. This
phenomenon could be explained from two aspects. On one hand, a
large number of hydrophobic microdomains in the bulk gel systems
facilitated the formation of abundant intermolecular-based asso-
ciations; while on the other hand, the cross-linking points provided
by the hydroxyl groups of phenolic resin were increased, both
leading to denser physical network structure (Grattoni et al., 2001).
Denser special structures facilitated more energies stored by
deformation under the action of external force and more energies
released after the elimination of external force, thereby enhancing
the storage moduli of the phenolic resin bulk gels (Gu et al., 2018).

36 bulk gel systems presented no visible dehydration after aging
for 90 days at 90 �C. Then storage moduli were used to evaluate the
stability and experimental results of 6 representative systems were
shown in Fig. 4. For bulk gels prepared with <0.35% polymer and
<0.9% cross-linker, the gel strength maintained almost unchanged
within the 90 days of aging. With further increasing the polymer
and cross-linker concentrations, the changes of storage moduli of
the bulk gels with aging time became more obvious. For bulk gel
prepared with 0.45% polymer and 1.1% cross-linker, the storage
Fig. 4. The change trend of the strength of the bulk gel samples with aging time.



Z.-X. Zhu, L. Li, J.-W. Liu et al. Petroleum Science 19 (2022) 688e696
modulus decreased rapidly in the first 70 days (from 9.7 to 6.0 Pa),
and changed slightly in the later days (eventually dropping to
5.83 Pa). These results could be explained that the dense structure
in the bulk gel could slow the release rate of bound water to a
certain degree (Nischang et al., 2013). However, when the cross-
linking density was too large, the network and the volume of the
bulk gel shrank, making it easier for water to separate out from the
gel structure. Therefore, the storage moduli would drop more
obviously (Brattekas, 2014; Liang et al., 2020).

Based on our experimental results, the prepared 36 bulk gel
systems all exhibited good stability and could be used for long-term
applications in reservoirs. Therefore 36 groups of DPG particles
were prepared for the following studies. According to the results of
the gel forming performance, it was found that for bulk gels with
the same gel strength codes, their storage moduli were with
apparent difference. For example, when the polymer concentration
was controlled as 0.25% and the cross-linker concentration was
increased from 0.7% to 1.1%, the strength codes of the prepared bulk
gels were all characterized as level E by the GSC method; however,
the storage moduli measured by the rheological method rose from
1.6 Pa to 4.45 Pa. Therefore, the difference in mechanical properties
of the DPG particles prepared by shearing of the bulk gels with
different storage moduli would further increase, which would
affect the plugging effects of DPG particles in the reservoirs.

Tapping mode was applied first to obtain the microtopography
of DPG particles. Experimental results of 6 representative groups
were shown in Fig. 5. Small spheres with diameters around 1e2 mm
could be clearly observed.

In order to measure the Young's moduli of the DPG particles, the
force-distance curves were obtained by PeakForce mode of AFM.
The probe tip was placed right in the center of a spherical particle
and load was applied. Then the Young's modulus of the corre-
sponding particle was obtained by fitting calculations (Johnson
et al., 1971). Multiple groups of repeated tests were performed at
each point and Fig. 6 demonstrated some representative force-
distance curves.
Fig. 5. Microscopic morphology of the micro-nano-scale DPG particle systems. (a) 0.2% poly
cross-linker, (d) 0.35% polymer þ 0.9% cross-linker, (e) 0.4% polymer þ 1.0% cross-linker, (f
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It could be observed that the moduli were not single value but
within certain range. Every time a force curvewas taken, a modulus
value could be obtained. The distribution percentages of Young's
moduli in each statistical interval were obtained according to
integration of data, thereby the histogram of interval distribution of
Young's moduli of DPG particle system was drawn, as shown in
Fig. 7a, with the peak of the Young's modulus distribution falling in
the range of 80e100 Pa.

After multiplying the value of Young's modulus and its per-
centage in the distribution chart, the weighted average Young's
modulus of every sample of DPG particles could be calculated,
which was used to characterize the mechanical properties of the
DPG particles. The results illustrated in Table 2 showed that the
weighted average Young's modulus value of the micro-nano-scale
DPG particles was at or near the peak of the distribution curves.

The Young's moduli of the micro-nano-scale DPG particles were
obviously larger than the storage moduli of the macro-scale bulk
gels, with even orders of magnitude difference. This difference was
caused by the variation of the geometrical scale during the test, and
the different physical principles on which the viscoelastic moduli
data were based. On one hand, the variation of geometric scale will
change the internal structure of the material thus affecting the
mechanical properties (Rebelo et al., 2014; Wang and Liu, 2019; Bai
et al., 2021). The sizes of the DPG particles are small. When the
measured geometric scale is changed from the macro-scale to the
micro-nano-scale, the electrostatic repulsion between the particles
can be clearly sensed, which can strengthen the effect of surface
stress and change the mechanical properties of the sample. At the
same time, due to the large specific surface area of the micro-nano-
scale DPG particles and the characteristics of high surface energy,
the particles tend to aggregate to reduce the surface energy (You
et al., 2014). As a result, the molecules and supramolecules in the
aggregate state evolve towards ordering. On the other hand, their
physical meanings are different. The storage modulus of the bulk
gel was measured by dynamic shear rheometer under sinusoidal
shear oscillation. It was used to represent the energy stored by
mer þ 0.6% cross-linker, (b) 0.25% polymer þ 0.7% cross-linker, (c) 0.3% polymer þ 0.8%
) 0.45% polymer þ 1.1% cross-linker.



Fig. 6. Illustration of the force curves used to fit the Young's moduli of the DPG particles. (a) 0.2% polymer þ 0.6% cross-linker, (b) 0.25% polymer þ 0.7% cross-linker, (c) 0.3%
polymer þ 0.8% cross-linker, (d) 0.35% polymer þ 0.9% cross-linker, (e) 0.4% polymer þ 1.0% cross-linker, (f) 0.45% polymer þ 1.1% cross-linker.

Fig. 7. Young's moduli distribution of the micro-nano-scale DPG particles systems. (a) 0.2% polymer þ 0.6% cross-linker, (b) 0.25% polymer þ 0.7% cross-linker, (c) 0.3%
polymer þ 0.8% cross-linker, (d) 0.35% polymer þ 0.9% cross-linker, (e) 0.4% polymer þ 1.0% cross-linker, (f) 0.45% polymer þ 1.1% cross-linker.

Table 2
Young's moduli of DPG particle systems.

Cross-linker concentration, % Young's modulus of DPG particles at different
polymer concentrations, kPa

0.2% 0.25% 0.3% 0.35% 0.4% 0.45%

0.6 0.082 0.126 0.147 0.182 0.263 0.328
0.7 0.158 0.19 0.218 0.236 0.705 0.717
0.8 0.199 0.214 0.257 0.297 0.837 0.971
0.9 0.247 0.271 0.507 0.762 0.93 1.435
1.0 0.49 0.589 0.691 1.18 1.222 1.633
1.1 0.66 0.702 0.859 1.374 1.487 1.723
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material during shear deformation process, which was equal to the
elasticity of the bulk gel. While the Young's modulus of DPG par-
ticles was measured by atomic force microscope. External load was
applied on the surface of the DPG particles directly during the
measurement, and the Young's modulus represented the ability of
the particles to withstand unidirectional compression deformation.
During migrating in the porous medium, the soft dispersed particle
gel would not be easily affected by the shear of the formation.
However, it would be subjected to compression effects such as
shape deformation during the plugging process and passing
through the pore throat (Liu et al., 2016; Zhao et al., 2018a,b).



Fig. 8. The influence of concentrations of polymer and cross-linker on the Young's
moduli of DPG particles systems.

Fig. 10. Change of pressure difference with pore volume when injecting DPG particles.

Fig. 11. Variation of plugging rate of DPG particles system.
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Therefore, the Young's modulus of the DPG particles measured
under compression can be used to characterize its mechanical
strength more effectively and accurately.

Based on the results of Fig. 7 and Table 2, it was possible to draw
a contour map of the changes of the Young's modulus of DPG
particles with polymer and cross-linker concentrations. The con-
centrations of polymer and cross-linker corresponding to the DPG
particles with same Young's moduli can be identified along one of
the specific contour lines in Fig. 8. The distribution hierarchy and
level of Young's moduli of DPG particles could be approximated by
viewing the spacing of adjacent contour lines. In addition to the
values represented by the contour lines, colors could also reflect the
changes in the Young's moduli of the DPG particles more intuitively,
As shown in Fig. 8, with warmer tones indicating higher moduli
while cooler tones indicating smaller moduli.

Then the relationship between the Young's moduli of the DPG
particles and the storage moduli of the bulk gels was established as
shown in Fig. 9. It could be observed from Fig. 9 that the measured
Young's moduli of the DPG particles and the storage moduli of the
bulk gels could not be directly compared numerically under the
combined influence of geometric scale and physical principles
Fig. 9. Quantitative relationship between Young's moduli of the DPG particles and
storage moduli of the bulk gels.
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mentioned above. However, the Young's moduli of the DPG parti-
cles basically increased linearly with the augment of the storage
moduli of the bulk gels. Without considering the dimensions and
the units, the storage modulus Gʹ of bulk gel was taken as the in-
dependent variable and the Young's modulus E of the DPG particle
was taken as the dependent variable to fit the following equation,
where the goodness of fit R2 was 0.9494.

E¼0:2162G0 � 0:1429

This basically linear rising law could be explained that when the
polymer or cross-linker concentrations increased, the intermolec-
ular crosslinking density was greatly improved, resulting in denser
spatial network structure of the bulk gels and enhancedmechanical
strength. When preparing DPG particles from such kinds of bulk
gels, the breaking fractures at the junctions of spherical particles
were relatively reduced, thereby decreasing deformability of the
particles. Accordingly, the Young's modulus of DPG particles
measured under the same peak force would increase.

When micro-nano-scale DPG particles were plugged in the
simulation core, changes of pressure differences of 6 representative
systems were shown in Fig. 10. As the polymer and cross-linker
concentrations increased, the Young's moduli of the DPG particles
increased, and the peak value of the pressure difference rose from



Table 3
Plugging performance of DPG particles systems.

Formula of bulk gels G0 of bulk gels, Pa E of DPG particle system, kPa kw0, mm2 kw1, mm2 Rp, % Peak value of Fr Final value of Frr

0.2% polymer þ0.6% cross-linker 0.96 0.082 0.499 0.0426 91.46 11.71 8.47
0.25% polymer þ0.7% cross-linker 1.71 0.190 0.483 0.0192 96.02 25.14 22.17
0.3% polymer þ0.8% cross-linker 2.17 0.257 0.489 0.0160 96.73 30.60 25.24
0.35% polymer þ0.9% cross-linker 3.17 0.762 0.522 0.0104 98.00 49.97 40.03
0.4% polymer þ1.0% cross-linker 5.82 1.222 0.482 0.0060 98.75 79.88 69.55
0.45% polymer þ1.1% cross-linker 9.73 1.723 0.523 0.0037 99.29 140.02 121.78
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79.2 to 905.9 kPa. When the Young's moduli of the DPG particles
were small (<257 Pa, with 0.3% polymer þ 0.8% cross-linker in this
case), the particles were easy to deform and pass through the pore
throat to enter the deep part of the simulation cores. However, the
accumulation of these soft particles in the pore throat was insig-
nificant, and the increase in pressure was modest. When the
Young's moduli of the DPG particles surpassed 762 Pa (with 0.35%
polymer þ 0.9% cross-linker in this case), the pressure increased
rapidly with the injection of DPG particles, representing the in-
crease in flow resistance in the pore throat structures. Particles
with higher moduli preferentially entered the large pore throats
and remained there. During the process of injection, the DPG par-
ticles gradually accumulated and bridged in the pore throats to
plug. For all the 6 systems, the displacement pressure difference
would continue to rise very slowly after reaching the breakthrough
pressure, reducing the permeability of simulation cores effectively
and ensuring the significance of subsequent water flooding. The
displacement pressure differences after the subsequent water
flooding with multiple pore volumes were still much larger than
the initial pressures, indicating that all the DPG particle systems
could form effective plugging and exhibited great flushing resis-
tance performance.

The influences of Young's moduli of DPG particles on the plug-
ging performance were shown in Fig. 11 and Table 3. For the 6
representative systems, the plugging rate to the stimulation cores
all surpassed 90%, suggesting excellent plugging performance.
Since suitable shear rate and shear timewere chosen to prepare the
DPG particles with similar sizes, the differences in plugging per-
formance were mainly attributed to the effects of Young's moduli.

When the Young's moduli of the DPG particles increased from
82 to 328 Pa, the plugging rate increased significantly from 91.46%
to 97.10%. At this moduli range, when the DPG particles passed
through pore throats, they collided with each other elastically and
deformed to form dense stacking. The stacking density and
strength of DPG particles enhanced distinctly with the moduli,
resulting in the significantly increased plugging rate. While when
the Young's moduli of the DPG particles surpassed 328 Pa, the
probability of relative movement among the particles was small
due to the already dense packing. The shrinkage of the flow passage
section in the pore throat reached critical state. Therefore, the
plugging rate rose slowly with further increasing the Young's
moduli of DPG particles.

The quantification results of the mechanical properties indi-
cated that the plugging performance increasedwith the augment of
Young's moduli of the DPG particles. This was consistent with the
relationship of plugging rate variedwith the storagemodulus of the
bulk gel, as illustrated in Fig. 11, proving the validity of the
dimensionless formula (E ¼ 0:2162G0 � 0:1429). However, in
consideration of the material cost, adjusting the Young's moduli of
DPG particles within the range of 0.82e328 Pa would be more
efficient in the practical application process. The establishment of
the mechanical model of the Young's moduli of DPG systemwould
provide guidance to the macro-scale application performance of
the DPG particles.
695
4. Conclusions

In this study, Young's moduli of DPG particles on the micro and
nano scales were measured by atomic force microscope for the first
time. Young's moduli of the DPG systems basically showed a linear
relationship with the augment of the storage moduli of the bulk
gels. When the Young's moduli of the DPG particles increased from
82 to 328 Pa, the plugging rate increased significantly from 91.46%
to 97.10%, as the stacking density and strength of DPG particles
enhanced distinctly with the moduli at this range. While when the
Young's moduli of the DPG particles surpassed 328 Pa, the
enhancement of plugging rate with the Young's moduli became
insignificant. The mapping relationship among the formula of bulk
gel, the Young's moduli of the DPG particles and the final plugging
performance was established. It was concluded that by adjusting
the Young's moduli of the DPG systems within certain range, the
increase in plugging rate would be more efficient. The studies in
this paper provided guidance for improving the macroscopic
application properties of DPG systems in reservoir heterogeneity
regulation.
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