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Abstract: Flow in an idealized bentonite polymer composite geosynthetic clay liner (BPC-GCL)
containing bentonite comprising two idealized circular granules was simulated using a COMSOL
hydrodynamic model. The effect of the polymer rheology properties, including viscosity, surface
tension, and contact angle, on the hydraulic conductivity of BPC-GCLs was investigated. The
results showed that the hydraulic conductivity of BPC-GCLs significantly decreased by 2–4 orders of
magnitude with polymer loadings of 3.3%, 6.5%, and 9.8% compared to conventional geosynthetic
clay liners (GCLs). The polymer rheology properties are critical to the residence time and the
hydraulic conductivity of BPC-GCLs. The residence time increases with the viscosity, surface tension,
and contact angle of polymer hydrogel. In the overall study, the hydraulic conductivities increased
significantly from 2.80 × 10−9 m/s to 1.40 × 10−7 m/s when the residence time was insufficient.
When the viscosity of the polymer hydrogel is 5000 Pa·s, 1 × 104 Pa·s, and 1 × 105 Pa·s, the residence
time of the polymer hydrogel in the domain of BPC-GCLs is 14 min, 23 min, and 169 min, respectively.
When the surface tension of the polymer hydrogel is 0 N/m, 0.01 N/m, and 0.02 N/m, the residence
time of the polymer hydrogel in the domain of BPC-GCLs is 9 min, 17 min, and 23 min, respectively.
When the contact angle between the polymer hydrogel and the NaB granules is 30◦ to 60◦, the
residence time of the polymer hydrogel in the domain of BPC-GCLs is 9 min and 33 min. These few
minutes can approximate the actual passage of several days in physical time. When the viscosity, the
surface tension, and the contact angle are higher than 1 × 106 Pa·s, 0.03 N/m, and 60◦, the residence
time of the polymer hydrogel in the domain of BPC-GCLs tends to be very long, which means that a
very low hydraulic conductivity of BPC-GCLs can be maintained in the very long term. This research
unveils a nuanced and profound correlation between the rheological properties of the polymer
hydrogel and the resulting hydraulic conductivity. This discovery enhances the understanding of
the potential to tailor hydrogel characteristics for BPC-GCLs. The advanced model developed in
this study also lays the groundwork for constructing a more realistic model that considers irregular
geometries, interconnected pores, and diverse polymer distributions within the pore spaces.

Keywords: BPC-GCL; COMSOL multiphysics; hydraulic conductivity; polymer loading; viscosity;
surface tension; contact angle

1. Introduction

Geosynthetic clay liners (GCLs) are employed widely in various environmental and
geotechnical applications, such as landfill barrier liners, owing to their low hydraulic
conductivity and cost-effectiveness [1–6]. Meanwhile, integrating GCLs in environmen-
tal projects showcases a dedication to sustainable development, encompassing economic
advancement and societal welfare. By replacing conventional materials, GCLs help con-
serve resources, mitigating waste and associated risks. Their efficient installation, capac-

Sustainability 2023, 15, 13052. https://doi.org/10.3390/su151713052 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151713052
https://doi.org/10.3390/su151713052
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0314-1699
https://doi.org/10.3390/su151713052
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151713052?type=check_update&version=1


Sustainability 2023, 15, 13052 2 of 14

ity for pollutant containment, and adherence to regulations all contribute to ecological
conservation and the reinforcement of climate resilience [7–14]. However, when ben-
tonite swelling is highly suppressed under aggressive liquid, the hydraulic conductivity
can approach hydraulic conductivities like silty sand (~10−6 m/s) [10,14–19]. The ben-
tonite polymer composite geosynthetic clay liner (BPC-GCL) showed low hydraulic con-
ductivity (10−11~10−8 m/s) under aggressive liquid with high ionic strength, polyvalent
cations, and extreme pH solution [19–29]. A few experimental results have found that
the hydraulic conductivity of BPC-GCLs increased as the polymer hydrogels gradually
eluted [19,22,24,30–35]. However, conventional testing methods, spanning years and even
post-equilibrium, might inadequately predict long-term behavior. Meanwhile, the hy-
draulic mechanism of polymer hydrogel in BPC-GCLs is not precise, and the effect of
polymer rheology properties such as viscosity, surface tension, and contact angle on the
hydraulic conductivity of BPC-GCLs has not been quantitatively evaluated. To tackle this,
a simple two-dimensional hydrodynamic numerical model was developed in this paper
to simulate polymer movement within BPC-GCLs, quantitatively assessing the effect of
polymer rheology properties on the intergranular flow and hydraulic conductivity of BPC-
GCLs and aligning with empirical findings. The model was implemented using COMSOL
Multiphysics 5.4, a flexible software package for solving partial differential equations using
the finite element method. The hydraulic conductivity of the idealized BPC-GCL was
computed from the velocity of the permeating solution at the effluent boundary of the
domain. The simulation results provide quantitative evidence regarding the qualitative
concept of polymer clogging and elution mechanism for the BPC-GCL. These numerical
models also offer a foundational step toward more intricate hydraulic conductivity and
service life predictions, addressing the BPC-GCL longevity over extended periods.

2. Hydraulic Model
2.1. Conceptual Model

The conceptual model provides a simplified yet insightful framework for understand-
ing the hydraulic behavior of BPC-GCLs. Building upon this conceptual model, a more
streamlined conceptual hydraulic model can be formulated. This advancement aims to
enhance both the understanding and depiction of the hydraulic behavior of BPC-GCLs,
while also spotlighting the impact of the polymer hydrogel on the hydraulic conductivity
of BPC-GCLs. Figure 1 illustrates the concept of the BPC-GCL and its hydraulic mechanism.
Figure 1a shows the unhydrated BPC-GCL consisting of a control volume of NaB granules,
polymers, and intergranular pore spaces. It should be noted that the swelling of the NaB
granules during hydration and permeation is highly suppressed and, therefore, needs to be
addressed. The intergranular flow is hypothesized to be predominant, and the polymer
hydrogels clog almost all the intergranular pore space, resulting in a very tortuous flow
path and low hydraulic conductivity (Figure 1b). When the polymer hydrogel began to
elute out, part of the intergranular pore spaces initially clogged with polymer hydrogel
were reopened, resulting in a broader and less tourist flow path and increased hydraulic
conductivity accordingly (Figure 1c). As the permeating process continued, the polymer
hydrogel continued to be eluted out by the permeating solution. Therefore, almost all
intergranular pore spaces initially clogged with polymer hydrogel were reopened, with
flow occurring almost exclusively in the intergranular pore spaces between two adjacent
NaB granules (Figure 1d).
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pore spaces with an almost constrained and very tortuous flow path through intergranular pore 
spaces; (c) few polymer hydrogels eluted out with relatively modest constrained and tortuous flow 
path through intergranular pore spaces; (d) almost all polymer hydrogels eluted out with uncon-
strained flow through and almost straight flow path through large intergranular pore spaces. 

2.2. Methodology 
2.2.1. Geometry and Boundary of the Hydraulic Model Domain 

The typical thickness of GCLs is usually 7 mm, with granular diameters ranging from 
0.002 mm to 1.5 mm [36]. After hydration, the intergranular pores between bentonite gran-
ules typically range from 0.001 mm to 0.1 mm [37–40]. Therefore, based on the typical 
GCL experiments, a square domain with a 7 mm × 7 mm geometry containing the same 
simple circular NaB granules and polymer hydrogel was assumed (see Figure 2a). The 
domain with a 0.22 mm × 0.26 mm geometry, which contains two NaB granules (gray 
circles, 0.1 mm in diameter) and a polymer hydrogel (yellow circle, 0.026 mm in diameter), 
was chosen to develop a simple two-dimensional hydrodynamic model (see Figure 2b) 
using the COMSOL. 

 
Figure 2. Domain simulated in COMSOL showing boundary conditions, permeating solution, im-
permeable NaB granules, and polymer hydrogel: (a) simplified model of the BPC-GCL; (b) a simple 
two-dimensional hydrodynamic model using COMSOL Multiphysics 5.4. 

The pore width between the NaB granules and the boundary is 0.004 mm. The poly-
mer hydrogel diameter is 0.026 mm, slightly larger than the typical intergranular pores 
between two NaB granules. The effectiveness and accuracy of this simplified method have 
been evidenced in previous studies [38,41]. Meanwhile, the water head is approximately 

Figure 1. Conceptual model of bentonite granules, polymer, polymer hydrogels, intergranular pore
spaces, and flow paths for different states in BPC-GCL: (a) unhydrated granules and polymer with
large intergranular pore spaces; (b) hydrated polymer hydrogels clogged all large intergranular pore
spaces with an almost constrained and very tortuous flow path through intergranular pore spaces;
(c) few polymer hydrogels eluted out with relatively modest constrained and tortuous flow path
through intergranular pore spaces; (d) almost all polymer hydrogels eluted out with unconstrained
flow through and almost straight flow path through large intergranular pore spaces.

2.2. Methodology
2.2.1. Geometry and Boundary of the Hydraulic Model Domain

The typical thickness of GCLs is usually 7 mm, with granular diameters ranging from
0.002 mm to 1.5 mm [36]. After hydration, the intergranular pores between bentonite
granules typically range from 0.001 mm to 0.1 mm [37–40]. Therefore, based on the typical
GCL experiments, a square domain with a 7 mm × 7 mm geometry containing the same
simple circular NaB granules and polymer hydrogel was assumed (see Figure 2a). The
domain with a 0.22 mm × 0.26 mm geometry, which contains two NaB granules (gray
circles, 0.1 mm in diameter) and a polymer hydrogel (yellow circle, 0.026 mm in diameter),
was chosen to develop a simple two-dimensional hydrodynamic model (see Figure 2b)
using the COMSOL.
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Figure 2. Domain simulated in COMSOL showing boundary conditions, permeating solution,
impermeable NaB granules, and polymer hydrogel: (a) simplified model of the BPC-GCL; (b) a
simple two-dimensional hydrodynamic model using COMSOL Multiphysics 5.4.

The pore width between the NaB granules and the boundary is 0.004 mm. The polymer
hydrogel diameter is 0.026 mm, slightly larger than the typical intergranular pores between
two NaB granules. The effectiveness and accuracy of this simplified method have been
evidenced in previous studies [38,41]. Meanwhile, the water head is approximately 13 kPa
in the permeation tests of a GCL with a 7 mm height [42]. Because the developed COMSOL
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sample is 0.26 mm in height, the inlet pressure can be calculated linearly based on the
height ratio of the numerical and experimental sample as follows:

13 kPa÷ 7 mm× 0.26 mm ≈ 0.48 kPa ≈ 480 Pa (1)

This is a rough estimation based on a linear relationship calculation. Therefore, a rough
value of 450 Pa was selected as the boundary inlet pressure, and the inlet (bottom) and
outlet (top) pressure were set to 450 Pa and 0 Pa (Figure 2b), respectively. The remaining
two boundaries were considered walls, with no flow occurring.

2.2.2. Fluid Dynamics in the Domain

The polymer hydrogel and permeating solution were developed in the COMAOL
hydraulic model using the two-phase flow method. This means that the polymer hydrogel
(flow 1) and the permeating solution (flow 2) are treated as two liquid phases. Because
the Reynold number (Re) is far smaller than 1 in GCLs and BPC-GCLs [38], the viscous
forces drive the primary fluid mechanics and can be calculated by the following simplified
Navier–Stokes equations:

∇ · u =0 (2)

0 = −∇p +∇ · η (∇u +∇uT) (3)

where u is the fluid velocity field; ∇·u is the divergence of the velocity field; p is the
pressure; ∇p is the pressure gradient; η is the viscosity; ∇u is the velocity gradient; and
superscript “T” stands for transpose in matrix operations.

To effectively track and describe the interface between the two flows of the polymer
hydrogel and permeating solution changing with time, the level set method (LSM) was
employed, which can be calculated by the level set function Φ as follows [43,44]:

∂Φ

∂t
+ u · ∇Φ = γ ∇ ·

(
ε ∇Φ−Φ(1−Φ)

∇Φ

|∇Φ|

)
(4)

γ is the reinitialization parameter used to maintain the stability of the interface and is often
set to the maximum flow velocity in the domain of the BPC-GCL; ε is the interface thickness
controlling parameter and is often set to be half of the maximum mesh size.

Initially, the Φ of the polymer hydrogel (flow 1) and the permeating solution (flow
2) are set to 0 and 1, respectively, and the function Φ transited from 0 to 1 across the
interface. Therefore, by combining the LSM method to track the interface change between
the polymer hydrogel and the permeation solution with the process of time, the simplified
Navier–Stokes equations in the two-phase flow can be expressed as follows:

0 = −∇p +∇ · η(Φ) (∇u +∇uT) (5)

In which
η(Φ) = η1 + (η2 − η1)Φ (6)

where η1 and η2 are the constant viscosity of the polymer hydrogel and permeating solution;
the COMSOL Multiphysics delivers a solution for Equations (2) and (5), which comprises
the transient distribution of flow velocity and two-phase flow boundary (Φ = 0.5 for each
time step) within the domain.

The velocity distribution along the top surface (outflow boundary) was integrated and
subsequently normalized by the total area of the outflow boundary to derive the Darcy
flux, denoted as q. Following this, the hydraulic conductivity of the domain (K) can be
calculated as follows:

K = q/i (7)

where i is the hydraulic gradient.



Sustainability 2023, 15, 13052 5 of 14

2.2.3. The Mesh and Time Step

It is essential to have a thin interface in a two-phase flow method to achieve an accurate
transition. Therefore, a fine mesh is needed to calculate the interface region adequately,
whose requirements, known as model and mesh convergence, have been extensively
discussed by Zhou et al. [45]. Referring to the investigation of Zhou et al. [45], a highly
refined, free triangular mesh was used, as depicted in Figure 3. The mesh consists of
111,776 volume elements and 1638 boundary elements.
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The numerical solver controls the time step during the computations, using backward
differentiation formulas (BDFs) in COMSOL Multiphysics. The initial time step should be
small enough to avoid singularities. Considering the computational accuracy, efficiency,
and convergence, the time step is set to 1 s or 1 min, depending on the residence time (tr) of
the polymer hydrogel in each model and the purpose of the simulation. The simulation
is finished when there is no change in two continuous time steps or the data are enough
to illustrate the discussed phenomenon. The tr for different COMSOL models range from
10 to 240 min in this study. Although the tr does not acutely represent the actual physical
time (tp), the tp can be roughly calculated using a linear ratio that combines the simulated
height and exact height based on the tr in the COMSOL model as follows:

7 mm÷ 0.26 mm× 10 min ≈ 269 min ≈ 1.5 h (8)

7 mm÷ 0.26 mm× 240 min ≈ 6462 min ≈ 4.5 day (9)

From Equations (8) and (9), it can be calculated that the residence time (tr) ranges from
10 min to 240 min in the COMSOL model and can roughly represent the actual physical
time of around 2 h to 5 days, which can be used to mirror the relationship between the
rheology properties of the polymer hydrogels and the hydraulic conductivity of BPC-GCLs
in actual engineering.

3. Results and Discussion

To address concerns related to sample sizes and statistical considerations, two ad-
ditional repeated simulations of the model using a viscosity of 5000 Pa·s, a surface ten-
sion coefficient of 0.02 N/m, and a contact angle of 30◦, all under consistent conditions,
were conducted for every repetition. The outcomes of these simulations are presented
in Appendix A. The three repeated simulations of an identical model, characterized by
uniform parameter settings and boundary conditions, generated curves that demonstrated
substantial consistency. This observation underscores the dependability and represen-
tativeness of the results obtained from a single numerical simulation. Consequently, a
solitary measurement can effectively serve as a representative of average measurements.
This principle can be employed to enhance the understanding of tackling issues regarding
sample sizes and statistical considerations. Therefore, a single measure can effectively
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encompass average measurements. As a consequence, all the models are executed only
once in the subsequent sections, and there is no presence of standard error in the figures.

3.1. Effect of Polymer Loading on the Hydraulic Conductivities of BPC-GCLs

Figure 4a illustrates the difference in the polymer loading (0, 3.3%, 6.5%, and 9.8%),
which can be calculated by the proportion of polymer hydrogel area over the total NaB
granules and polymer hydrogel area [41]. Figure 4(a1) illustrates the conventional GCL
with a polymer loading of 0. Figure 4(a2,a3,a4) represent the polymer loadings of 3.3%,
6.5%, and 9.8% with one, two, and three polymer hydrogels, respectively. Figure 4b
demonstrates the snapshots of velocity profiles at tr = 10 min corresponding to the different
polymer loading, as shown in Figure 4a. The domain of the GCL depicted in Figure 4(b1)
shows higher flow velocity (see the larger area of the red region in Figure 4(b1)) compared
to the lower flow velocity (see the larger area of the blue region in Figure 4(b2,b3,b4))
in the domain of the BPC-GCL shown in Figure 4(b2,b3,b4). For example, Figure 4(b1)
shows that the maximum flow velocity predominantly through the intergranular pore
is 3.41 × 10−4 m/s (see the green dashed box in Figure 4(b1)), and the average velocity
in the domain is 3.68 × 10−5 m/s in the conventional GCL. However, when the polymer
loading is 3.3%, Figure 4(b2) shows that the maximum flow velocity predominantly through
both narrower pore spaces is 3.15 × 10−5 m/s (see the red dashed boxes in Figure 4(b2)).
The flow velocity through the intergranular pore space is 1.30 × 10−8 m/s (see the green
dashed box in Figure 4(b2)), and the average velocity in the domain of the BPC-GCL
is 7.86 × 10−7 m/s, which is four and two orders of magnitude lower than those in the
domain of the conventional GCL, respectively. This significant decrease in flow velocity
is because the polymer hydrogel clogs the intergranular pore space and forces the flow
through narrower pore spaces at two boundaries. With further increasing polymer loading
from 3.3% to 6.5%, Figure 4(b3) shows that the maximum flow velocity predominantly
through the right narrower pore spaces is 3.14 × 10−5 m/s (see the yellow dashed box in
Figure 4(b3)). The flow velocity through the left more limited pore space is 1.13 × 10−7

m/s, which is two orders of magnitude lower than that in the BPC-GCL with a polymer
loading of 3.3%. The average velocity in the domain of the BPC-GCL with a polymer
loading of 6.5% is 4.11 × 10−7 m/s, which is less than half of that in the BPC-GCL with
a 3.3% polymer loading. This is because when the polymer hydrogel already clogs the
intergranular pore space, the newly added polymer hydrogel clogs the other narrower pore
spaces, resulting in a limited decrease in average velocity in the domain of the BPC-GCL.
When the polymer loading further increases from 6.5% to 9.8%, Figure 4(b3) shows that
the flow velocity through the right narrower pore space is 1.09 × 10−7 m/s (see the yellow
dashed box in Figure 4(b4)), and the average velocity in the domain is 8.22 × 10−12 m/s,
which is two and five orders of magnitude lower than those in the BPC-GCL with 6.5%
polymer loading, respectively (Figure 4(b3)). This significant decrease in flow velocity is
because the polymer hydrogel clogs all the pore spaces, and no flow pore can be found in
the domain of the BPC-GCL.

Figure 5 illustrates the hydraulic conductivities of four cases with different polymer
loading corresponding to Figure 4. When the tr = 10 min, the hydraulic conductivity is
1.40 × 10−7 m/s (see the black curve in Figure 5) in the conventional GCL, which is very
close to the experimental data under aggressive solution with suppressed swelling of the
bentonite granules [1,10,36]. However, the hydraulic conductivity with a 3.3% polymer
loading is 2.80 × 10−9 m/s (see the red curve in Figure 5), two orders of magnitude lower
than that of the conventional GCL. When the polymer loading increases to 6.5% (see the
blue curve in Figure 5), the hydraulic conductivity decreases slightly to 1.45 × 10−9 m/s,
which is only half the decrease compared to those with the polymer loading of 3.3%.
However, when the polymer loading further increases to 9.8%, the hydraulic conductivity
decreases to 1.85 × 10−11 m/s, two orders of magnitude lower than at the polymer loading
of 3.3% and 6.5%. This phenomenon indicates that with the increase in polymer loading,
the hydraulic conductivity of the BPC-GCL decreases, which has been confirmed in ex-
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perimental studies [19,46]. However, it should be noted that the polymer distribution is
essential to the hydraulic conductivity of the BPC-GCL, combining Figures 4 and 5. Only
when the polymer hydrogel clogged the predominant intergranular pore space (compare
Figure 4(b1) to Figure 4(b2)) or was distributed uniformly and clogged almost all flow
pores (compare Figure 4(b2,b3) to Figure 4(b4)), the hydraulic conductivity of the BPC-GCL
decreased significantly. Otherwise, the hydraulic conductivity of the BPC-GCL was very
limited when it clogged the unnecessary pores (compare Figure 4(b2) to Figure 4(b3)).
This also explains why the newly added polymer hydrogel clogs the right narrower pore
space (see the yellow dashed box in Figure 4(b4)), leading to a decrease in the average
velocity in the domain of the BPC-GCL by five orders of magnitude compared to those in
Figure 4(b3) (~4.11 × 10−7 m/s), while no significant decrease happened in the average
velocity when the newly added polymer hydrogel clogged the left narrower pore space,
compare Figure 4(b2) to Figure 4(b3) and red circle and blue triangle curves in Figure 5.
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3.2. Effect of Polymer Rheology Properties on the Hydraulic Conductivities of BPC-GCLs
3.2.1. Viscosity

The polymer hydrogels with different viscosities correspond to varying polymer hy-
drolysis [22,23,47]. Drawing upon previous experiments [35,48–52], it was observed that
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rheological properties such as viscosity, surface tension coefficient, and contact angle of the
polymer materials were determined through experimental methods, encompassing ranges
from 1 Pa·s to 1 × 106 Pa·s [35,48], 0.025 N/m to 0.075 N/m [49,50], and 10◦ to 120◦ de-
grees [50–52], respectively. However, to further explore the impact of rheological properties,
the viscosity range was extended from 5000 Pa·s to 1 × 107 Pa·s in this study [35,48].

Figure 6 illustrates the influence of the viscosity of polymer hydrogel on the hydraulic
conductivity of BPC-GCLs. Figure 6a shows the snapshots of the position distribution of
polymer hydrogels with different viscosities when tr = 14 min. It can be seen in Figure 6(a1)
that the polymer hydrogel eluted out from the intergranular pore space when the viscosity
was 5000 Pa·s. However, when the viscosity increased to 1 × 104 Pa·s and 1 × 105 Pa·s,
the polymer hydrogel clogged the intergranular pore space (see Figure 6(a2,a3)), which
means the tr was longer than 14 min. Further, after increasing the viscosity to 1 × 106 Pa·s
and 1 × 107 Pa·s, the polymer hydrogel did not clog the intergranular pore space (see
Figure 6(a4,a5)), which indicates that a longer tr is needed than that in Figure 6(a2,a3).
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different viscosities.

Figure 6b illustrates the hydraulic conductivities of the BPC-GCLs with various vis-
cosities of polymer hydrogels. The tr of the polymer hydrogel in the domain of BPC-GCLs
increases with viscosity. For example, the tr of polymer hydrogels in the domain are 14 min,
23 min, and 169 min when the viscosities are 5000 Pa·s, 1 × 104 Pa·s, and 1 × 105 Pa·s,
respectively. These few minutes can approximate the actual passage of several hours or
days in physical time. The tendency of the hydraulic conductivities of BPC-GCLs first
decreased to 2.80 × 10−9 m/s and then increased to 1.40 × 10−7 m/s because the polymer
hydrogel clogs the intergranular pore space first, and then when the polymer hydrogel
elution happens, the hydraulic conductivity increases (see the black, red, and blue curves
in Figure 6b). However, for BPC-GCLs with viscosities of 1 × 106 Pa·s and 1 × 107 Pa·s,
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although the polymer hydrogels did not clog the intergranular pore spaces yet, the hy-
draulic conductivities remained consistent at around 2.80 × 10−9 m/s without any increase
through all 240 min, which indicates that the polymer hydrogel can reduce the hydraulic
conductivity when it remains in a specific region close to the pore spaces.

3.2.2. Surface Tension

Figure 7 illustrates the influence of the surface tension of polymer hydrogel on the
hydraulic conductivity of the BPC-GCL, and the range of surface tension coefficients was
extended from 0 Pa·s to 0.03 Pa·s in this study [49,50]. Figure 7a shows the snapshots of
the position distribution of polymer hydrogels with different surface tension coefficients
when tr = 2 min (all polymer hydrogels are approximately in the same position). When
the surface tension coefficient is 0 N/m, the polymer is easy to deform (see Figure 7(a1)).
However, when the polymer surface tension coefficient increases to 0.01 N/m and 0.02 N/m,
the deformation of the polymer hydrogel is restricted, and the curvature of the polymer
hydrogel decreases as the radius of the curvature increases (see Figure 7(a2,a3)). As the
surface tension coefficient of the polymer hydrogel increases to 0.03 N/m, the polymer
hydrogel becomes more stable and maintains a nearly circular shape (see Figure 7(a4)),
which indicates that the morphological stability of polymer hydrogels improves with the
surface tension coefficient. This phenomenon occurs because polymer hydrogels with
higher surface tension can more effectively maintain their shape, which is more challenging
to elute out from the pore spaces.
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Figure 7b illustrates the hydraulic conductivities of the BPC-GCLs with various sur-
face tension coefficients of polymer hydrogels. The tr of the polymer hydrogel in the
domain of BPC-GCLs increases with the surface tension coefficient. For example, the tr of
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polymer hydrogels in the domain is 9 min, 17 min, and 23 min when the surface tension
coefficients are 0 N/m, 0.01 N/m, and 0.02 N/m, respectively. These few minutes can
approximate the actual passage of several hours in physical time. The tendency of the
hydraulic conductivities of BPC-GCLs with different surface tension coefficients also first
decreased to 2.80× 10−9 m/s and then increased to 1.40 × 10−7 m/s with the same reasons
as described in Figure 6b (see the black, red, and blue curves in Figure 7b). However,
for the BPC-GCL with a surface tension coefficient of 0.03 N/m, the polymer hydrogel
clogged the intergranular pore space, and the hydraulic conductivity remained consistent
at around 2.8 × 10−9 m/s without any increase for 30 min. This indicated that a higher
surface tension coefficient resulted in a longer tr in the BPC-GCL, which resulted in longer
low hydraulic conductivities.

3.2.3. Contact Angle

Figure 8 illustrates the influence of the contact angle of the polymer hydrogel and
permeating solution on the hydraulic conductivity of the BPC-GCL, and the range of the
contact angle was extended from 30◦ to 90◦ in this study [50–52]. Figure 8a shows the
snapshots of the position distribution of polymer hydrogels with different contact angles
between the polymer hydrogel and permeating solution at the boundaries of NaB granules
when tr = 10 min (all polymer hydrogels are approximately in the same position). When the
contact angle is 30◦ (see the yellow dashed line in Figure 8(a1)), the boundary curvature of
the polymer hydrogel is significant (see the white dashed curve in Figure 8(a1)). Therefore,
there is a small contact area between the polymer hydrogel and permeating solution at the
boundaries of NaB granules (see the black dashed curve in Figure 8(a1)). When the contact
angle increases to 60◦ (see the yellow dashed angle in Figure 8(a2)), the curvature of the
boundary of the polymer hydrogel becomes flat (see the white dashed curve in Figure 8(a2)),
which results in a medium contact area between the polymer hydrogel and permeating
solution at the boundaries of NaB granules (see the black dashed curve in Figure 8(a2)).
However, when the contact angle is further increased to 90◦ (see the yellow dashed angle
in Figure 8(a3)), the interface between the polymer hydrogel and the permeating solution
approximately tends to a straight line (see the white dashed curve in Figure 8(a3)), which
results in a large contact area between the polymer hydrogel and permeating solution at the
boundaries of NaB granules (see the black dashed curve in Figure 8(a3)). This phenomenon
indicates that a higher contact angle leads to a larger contact area between the polymer
hydrogel and the permeating solution within the intergranular pore spaces. The increased
spreading area of the polymer hydrogel results in increased resistance, making it more
challenging to elute out from the pore space.

Figure 8b illustrates the hydraulic conductivities of the BPC-GCLs with various contact
angles of polymer hydrogels. The tr of the polymer hydrogel in the domain of BPC-GCLs
increases with contact angle. When the contact angles are 30◦ and 60◦, the tr of polymer hy-
drogel in the domain is 9 min and 34 min, respectively. These few minutes can approximate
the actual passage of several hours in physical time. The tendency of the hydraulic conduc-
tivities of BPC-GCLs with different contact angles first decreased to 2.80 × 10−9 m/s and
then increased to 1.40 × 10−7 m/s (see the black and red curves in Figure 8b). However, for
the BPC-GCL with a contact angle of 90◦, the polymer hydrogel clogged the intergranular
pore space, and the hydraulic conductivity remained consistent at around 2.8 × 10−9 m/s
without any increase for 40 min. This indicated that a higher contact angle resulted in a
longer tr in the BPC-GCL, which resulted in longer low hydraulic conductivities.
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4. Conclusions

This study developed an advanced series of two-dimensional fluid dynamics nu-
merical models to meticulously explore the intricate influence of key polymer hydrogel
properties, including viscosity, surface tension, and contact angle, on the hydraulic con-
ductivity of BPC-GCLs. The mechanisms elucidated in these models align coherently with
empirical evidence of polymer elution observed in experimental settings. The research
unveils a nuanced and profound correlation between polymer hydrogel rheology proper-
ties and resulting hydraulic conductivity, significantly enhancing the understanding of the
potential for tailoring hydrogel attributes to BPC-GCLs. Specifically, the hydraulic conduc-
tivity of BPC-GCLs exhibits a gradual decline of approximately four orders of magnitude as
polymer loading increases from 0% to 10% relative to traditional GCLs. This phenomenon
is most pronounced when polymer hydrogels obstruct the dominant intergranular pore or
exhibit uniform distribution, leading to extensive congestion of the flow pore space. Fur-
thermore, the interaction between polymer rheology properties and hydraulic conductivity
is mirrored through the residence time of the polymer hydrogel within the domain. This
comprehensive analysis uncovers a substantial surge in hydraulic conductivities as the
residence time exceeds a critical threshold, typically extending over several days. Notably,
this trend becomes evident with increasing viscosity, surface tension, and contact angle
of the polymer hydrogel. When these values surpass 1 × 106 Pa·s, 0.03 N/m, and 60◦,
respectively, the residence time of the polymer hydrogel within the BPC-GCL domain
experiences significant prolongation, implying the potential for sustained maintenance of
extremely low hydraulic conductivity. In a broader context, the findings carry profound im-
plications for advancing hydrogel technology and its application. The in-depth exploration
of the intricate interplay between polymer rheology properties and hydraulic conductivity
presents a promising avenue for fine-tuning hydrogel properties to optimize geotechnical
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solutions. This advancement has the potential to significantly enhance the efficiency and
sustainability of environmental engineering practices, offering a promising trajectory for
addressing contemporary challenges. However, it is essential to acknowledge that a single
pore path between circular NaB granules constitutes a simplification in the current models.
A more realistic model should encompass irregular geometries, linked pores, and diverse
polymer placements throughout the pore spaces. Such an advanced model could provide
valuable insights into the emergence of preferential flow paths, mirroring observations
from experimental investigations of BPC-GCLs. This avenue of research holds promise
for further expanding the comprehension of hydrogel behavior in complex geotechnical
systems, paving the way for innovative solutions in the future.
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