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GRAPHIC ABSTRACT

* A novel PRB configuration based on passive
convergent flow effect was proposed.

* A 2D finite-difference hydrodynamic model,
PRB-Flow, was developed.

* PC-PRB can significantly enhance the
hydraulic capture capacity of PRB.

* The PRB geometric dimensions and materials
cost are effectively reduced.

* The dominant influential factor of the PC-PRB
capture width is pipe length, L.
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ABSTRACT

A novel permeable reactive barrier (PRB) configuration, the so-called passive convergence-permeable
reactive barrier (PC-PRB), is proposed to overcome several shortcomings of traditional PRB
configurations, such as high dependency to site hydrogeological characteristics and plume size. The
PC-PRB is designed to make the plume converge towards the PRB due to the passive hydraulic
decompression-convergent flow effect. The corresponding passive groundwater convergence (PC)
system is deployed upstream of the PRB system, which consists of passive wells, water pipes, and a
buffer layer. A two-dimensional (2D) finite-difference hydrodynamic code, entitled PRB-Flow, is
developed to examine the hydraulic performance parameters (i.e., capture width (W) and residence
time (7)) of PC-PRB. It is proved that the horizontal 2D capture width (#})) and vertical 2D capture
depth (W,) of the PC-PRB remarkably increase compared to that of the continuous reactive barrier (C-
PRB). The aforementioned relative growth values in order are greater than 50% and 25% in this case
study. Therefore, the PRB geometric dimensions as well as the materials cost required for the same
plume treatment lessens. The sensitivity analysis reveals that the dominant factors influencing the
hydraulic performance of the PC-PRB are the water pipe length (L), PRB length (Lpgg), passive well
height (H,,), and PRB height (Hpgp). The discrepancy between the ), of PC-PRB and that of the C-
PRB (i.e., AW}) has a low correlation with PRB parameters and mainly depends on L, which could
dramatically simplify the PC-PRB design procedure. Generally, the proposed PC-PRB exhibits an
effective PRB configuration to enhance hydraulic performance.
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1 Introduction

Permeable reactive barrier (PRB) has

promising and sustainable in situ groundwater remedia-
tion technology, which has the advantages of low

emerged as a Maintenance costs, service longevity, and in situ
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treatment of a variety of groundwater pollutants (e.g.,
heavy metals, inorganic and organic pollutants) (Lu et al.,
2016; Gibert et al., 2019; Jiang et al., 2019; Torregrosa
etal., 2019; Aliand Abd Ali, 2020; Faisal et al., 2020;
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Falciglia et al., 2020). The total cost of a PRB system is at
least 60% lower than that of an equivalent pump and treat
system over extended periods (Painter, 2005; Maamoun
et al., 2020). Between 1994 and 2005, approximately 200
PRB applications were installed in Europe, North America,
and Australia, of which more than 60% were zero valence
iron (ZVI)-based (Turner et al., 2005). Until 2010, more
than 125 full-scale ZVI-based PRBs had been constructed
worldwide (Gillham et al., 2010).

Two primary, interdependent hydraulic performance
parameters of the PRB evaluated are the hydraulic
capture zone width () and residence time (¢) (Liu et al.,
2011; Grajales-Mesa et al., 2020; Singh et al., 2020). The
factor W represents the width of the groundwater area that
passes through rather than bypasses the reactive barrier
(Bekele et al., 2015). To effectively prevent contaminant
plume migration, the length of the reactive barrier is
generally designed to be about 1.2—1.5 times the maximum
width of the contaminant plume (Craig et al., 2006). The
parameter ¢ denotes the contact time between pollutants
and reactive materials in the PRB (Gupta and Fox, 1999),
which is defined as the ratio between the flow-through
thickness of the PRB and the groundwater flow velocity
(Maamoun et al., 2020). A sufficient level of ¢ must be
guaranteed for pollutant removal; otherwise, a breakthrough
of pollutants may occur (Puls, 2006; Gillham et al., 2010).
The previous investigations showed that the numerical
groundwater models are effective, flexible, and inexpen-
sive tools to evaluate the W and ¢ of the PRB (Lin et al.,
2005; Jeen et al., 2011). Various explorations have demon-
strated that W is inversely proportional to ¢ (Gupta and
Fox, 1999; Liu etal., 2011). Therefore, the PRB engineering
design must find the right trade-off between maximizing
W and t.

An appropriate PRB configuration is critical to the PRB
engineering design, which should be selected considering
site-specific hydrogeologic conditions and contaminant
plume characteristics. The most common PRB configura-
tion is the continuous permeable reactive barrier (C-PRB).
This configuration has a simple structure, convenient
installation, less disturbance to the natural groundwater
flow field, and low sensitivity to the complexity of the
groundwater flow field. However, for sites with deep
groundwater depth and large plumes, the application of
C-PRB is limited due to its high construction and materials
cost (Bortone et al., 2013). Alternative PRB configurations
have been suggested in the last decades, such as the
funnel-gate system and discontinuous permeable barriers
(Wilson et al., 1997; Hudak, 2008). A funnel-and-gate
configuration uses impermeable barrier walls (i.e., a funnel)
to direct groundwater towards a permeable treatment zone
(the gate) (Courcelles, 2015). This configuration is more
suitable for large plumes because it could reduce
materials cost and improve remediation efficiency. In
addition, its reactive materials can be centrally replaced.
Nevertheless, it requires both large-scale destruction of

hydrogeological conditions and construction of under-
ground impervious walls, which have an irreversible
effect on the groundwater flow field. Wilson et al. (1997)
proposed a discontinuous permeable barrier consisting of
one or more arrays of unpumped wells. The hydraulic
conductivity difference between aquifer and well makes
contaminated groundwater converge into the wells, which
can serve as either an in situ reactor or a means of
introducing amendments such as electron acceptors (e.g.,
oxygen, nitrate), electron donors, and microbial nutrients.
Such a configuration is suitable for sites with deep
groundwater depth and good aquifer permeability, which
can be simply constructed and needs 20% fewer materials
cost than a C-PRB system for treating the same plume
(Santisukkasaem et al., 2015; Torregrosa et al., 2019).
However, this configuration has also some drawbacks,
such as high sensitivity to the groundwater flow field,
limited remediation zones and reactive materials are not
easily replaced.

To overcome the shortcomings of the PRB configura-
tions mentioned above, we propose an innovative and
sustainable PRB configuration, namely the passive
convergence-permeable reactive barrier (PC-PRB). The
PC-PRB is designed to make the contaminated groundwater
converge towards the PRB system due to the passive
hydraulic decompression-convergent flow effect. Herein,
a two-dimensional (2D) finite-difference hydrodynamic
code, entitled PRB-Flow, is carefully developed in the
Pascal-Delphi environment to simulate and evaluate the
hydrodynamic behavior of the PC-PRB in confined aquifers.
The major objectives of the present study are summarized
as: 1) demonstration of the hydraulic feasibility and
superiority of the PC-PRB by comparing it with a C-PRB,
2) identification of the control factors affecting the
hydraulic performance of the PC-PRB as well as
examining their impacts.

2 Concept and principle of the PC-PRB

As demonstrated in Fig. 1, the PC-PRB is a novel PRB
configuration consisting of a passive groundwater conver-
gence (PC) system and a PRB system. The corresponding
PC system is deployed upstream of the PRB system to
regulate the groundwater flow field upstream of the PRB
system. Furthermore, it makes the plume converge
towards the PRB system both horizontally and vertically
due to the passive hydraulic decompression-convergent flow
effect. The PC system is composed of a passive well, a
water pipe, and a buffer layer. The basic principles of the
PC-PRB are provided in the following:

1) The passive well is a partially penetrated well
installed upstream of the PRB. When the well discharges
water at a specific flow rate through the water pipe, the
head in the well is lower than that around the well, the so-
called passive decompression effect. Therefore, the well
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Fig.1 A schematic view of the plume treatment by the PC-PRB system.

becomes a groundwater sink, and the contaminated ground-
water close to the well intensively flows into the well
through its wall and bottom, the so-called convergent
flow effect.

2) A water pipe connects the passive well to the buffer
layer. The converged groundwater in the passive well
flows to the buffer layer through a water pipe driven by
the head difference.

3) The buffer layer is located between the water pipe
and the PRB system as a transition zone to allow the
contaminated groundwater to flow evenly through the
PRB system.

4) The reactive materials in the PRB system remove or
capture pollutants from the contaminated groundwater
representing the purification step.

3 PC-PRB simulation in PRB-Flow code
3.1 Model setup and validation

A 2D finite-difference hydrodynamic code, entitled PRB-
Flow, has been developed in a Pascal Delphi environment
to quickly simulate the hydrodynamic behavior of the PC-
PRB in confined aquifers, which has been applied for
software copyright (see Fig. S1). The major governing
equation for 2D steady-state flow is described by:

0 oh\ 0 oh
dx (Kx(?X)Jrﬁy (Kyay) -0 @
where £ is the hydraulic head, K, and K, in order
represent the hydraulic conductivities along with the x
and y directions, and 0 denotes the partial symbol.

The partial differential equation of 2D steady-state flow
can be also expressed in terms of the flow function, y, as
follows:

ofloy) o(1dy
=)= =)= 2
ax(Kxax)+6y(Ky ay) 0, @
and the boundary condition of y is displayed by:
Yl = fr —v, dx+v.dy, 3)

in which v, and v, in order represent the components of
the Darcy velocity along with the x and y axes, and T
denotes the boundary of the understudy 2D domain.

The PRB-Flow code implements the finite-difference
numerical method to simulate the 2D steady-state saturated
groundwater flow in the porous media and PC-PRB. The
main parameters evaluated are the hydraulic head, flow
function and seepage velocity, while particle tracking and
visualization display are also carried out by the developed
code. It utilizes the rectangular difference grid with a
central difference format, and iteratively solves the
system of difference equations using the successive over
relaxation (SOR)approach; therefore, theresultednumerical
solution is relatively stable. In particular, the PRB-Flow
code has the advantages of smaller memory requirements,
easier operation, more flexible grid dissection and
parameter assignment compared with traditional numerical
simulation software such as Visual MODFLOW and
Groundwater Modeling System. Although the PRB-Flow
code suffers from some limitations, such as incapability
in performing the 3D solute transport problems. Actually,
this code is essentially exploited for the rapid analysis of
the PC-PRB hydraulic performance in the early design
stage.

The code validity of the PRB-Flow is checked by compar-
ing some of the simulation results with those of the
commercial groundwater simulation software Visual
MODFLOW (see Figs. S2 and S3). The relative error (8)
of the PRB-Flow compared to Visual MODFLOW regarding
the horizontal 2D capture width (/] ) and the corresponding
residence time (#,) of the PC-PRB at different pipe
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lengths (L) are all less than 5% (see Table S1). This
reveals that the PRB-Flow could effectively simulate the
hydrodynamic behavior of the PC-PRB in confined
aquifers.

3.2 Simulation domain

In the present study, two confined aquifers are employed
in the hydraulic performance analysis of the groundwater
flow through the PC-PRB via the PRB-Flow code (see
Fig. 2). The length and width of the horizontal 2D confined
aquifer in order are 400 m and 200 m (see Fig. 2(a)),
while the length and height of the vertical 2D confined
aquifer in order are 400 m and 30 m (see Fig. 2(b)). The
boundary conditions of these two confined aquifers are
time-invariant. For the horizontal 2D confined aquifer,
the northern and southern boundaries are assumed to be
impermeable, and the eastern and western boundaries
represent the constant hydraulic head whose corresponding
head values in order are 5 m and 1 m (i.e., the hydraulic
gradient value is 0.01). For the vertical 2D confined
aquifer, the upper and lower boundaries are impermeable,
while the left and right boundaries are specified by the
constant hydraulic head with the hydraulic gradient is
0.01.Thetwoconsideredconfinedaquifersarehomogeneous
and isotropic. Their hydraulic parameters and pertinent
values have been presented in Table S2. The relative
PRB/aquifer hydraulic conductivity (Kpp/K,) is set equal
to 10.

3.3 PC-PRB simulation conditions

The PC system is the key module in the PRB-Flow. The
(@)

preferential flow model is utilized to describe the prefer-
ential flow associated with macropores. This represents
independent high-permeability media, embedded in the
aquifer to explicitly simulate preferential flow conduits
(Wilson et al., 1997; Xiao et al., 2019). Herein, the PC
system could serve as preferential flow conduits that
influence the groundwater flow field. The passive well,
water pipe and buffer layer are considered high-
permeability media whose hydraulic conductivity and
porosity in order are 10000 m/d and 1. The pipe wall is
assumed to be impermeable media, and its hydraulic
conductivity and porosity are set equal to zero. The PC-
PRB geometric parameters and their corresponding
values are listed in Table 1. The model cell size in the
vicinity of the PC-PRB is small enough to provide
sufficient resolution.

4 Hydraulic performance comparison
between the PC-PRB and C-PRB

4.1 Case of horizontal 2D confined aquifer

The horizontal 2D hydraulic performance comparison
between the PC-PRB and C-PRB is carried out, as
demonstrated in Figs. 3(a) and 3(b). The simulation
results of the horizontal 2D capture width (W), the
corresponding residence time (#,), and the discrepancies
between the PC-PRB-based values and those of the C-
PRB-based ones (i.e., AW, and Af) are presented in
Table 2. The results show that the W, of the PC-PRB
considerably increases by 52.8%, from 36 to 55 m,
compared with the C-PRB. This issue is mainly attributed
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Fig.2 The PC-PRB-based simulation and main design parameters representation: (a) The horizontal 2D confined aquifer, (b) the

vertical 2D confined aquifer.
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Table 1 Geometrical parameters and their corresponding values for
the PC-PRB

System Parameters Values (m)
PC system Passive well Well diameter, D, 5.0
Well height, H, 5.0
Water pipe Pipe length, L, 30.0
Pipe diameter, D, 1.0
Buried depth, B, 2.5
Buffer layer Layer thickness, T}, 1.0
PRB system PRB Length, Lypg 30.0

PRB Thickness, Tprp 3.0
PRB Height, Hppp, 10.0

to the head drop at the passive well for the PC-PRB by
0.33 m compared with the C-PRB, as shown in Figs.
S4(a) and S4(b). Compared with Fig. 3(a), the contour
line with the value of 3.25 m in Fig. 3(b) obviously bends
to the left near the passive well, indicating that the water
head at the passive well is lower than that at the contour
line. It implies that the hydraulic head of the well is
remarkably lower than that around the well. As a result,
the passive well plays the role of a sink for contaminated
groundwater (i.e., the groundwater in the vicinity of the
well intensively flows into the well). The head loss of the
groundwater flowing through the water pipe can be
neglected since its corresponding velocity is fairly negligible
(Park and Zhan, 2002). In this case study, the calculation
results of the PRB-Flow code reveal that the head in the
well is slightly higher than that in the buffer layer with a
difference of about 0.0015 m. The groundwater nearby to
the well intensively flows into the well, while the converged
groundwater in the well can be transported naturally to
the PRB system through the water pipe under the
hydraulic head difference. Therefore, this enables the PC-
PRB to capture a larger area of the contaminated
groundwater.

As the value of W, increases due to the passive hydraulic
decompression-convergent flow effect, more contaminated
groundwater passes through the PRB system per unit time,
and therefore the #, decreases accordingly. Compared to
the C-PRB, the #, associated with the PC-PRB is lessens
by 36.68 d, a reduction of about 28.1%. This issue also
puts forward higher requirements for the remediation
efficiency of reactive materials due to the loss of hydraulic
residence time of pollutants caused by the passive hydraulic
decompression-convergent flow effect. At the same time,
although #, decreases with the growth of W}, the mixed
dilution effect of the passive well on the contaminant
plume could reduce the maximum concentration of pollutants,
thus effectively lessening the required residence time of
pollutants in the PRB. This contradictory influence
should be further paid attention to in subsequent studies
and considered in the design of the PC-PRB.

4.2 Case of vertical 2D confined aquifer

A comparison of the vertical 2D hydraulic performance
between the PC-PRB and C-PRB is also performed, as
presented in Figs. 3(c) and 3(d). The simulation results of
the vertical 2D capture zone depth (W), the corresponding
residence time (%), the discrepancies between the predicted
values by the PC-PRB and those of the C-PRB (i.e., AW,
and At,) are provided in Table 2. The presented results
show that compared with the C-PRB, the corresponding
W, value of the PC-PRB magnifies by 27.3%, from 11 to
14 m, although the present discrepancy is not considerable
as W,. This also can be attributed to the head drop at the
passive well for the PC-PRB by about 0.33 m compared
to the C-PRB (see Figs. S4(c) and S4(d)). Compared with
Fig. 3(c), the contour line pertinent to the value of 3.2 m
in Fig. 3(d) apparently curves to the left near the passive
well, indicating that the hydraulic head at the passive well
is lower than that below the well bottom. It implies that
the contaminated groundwater below the well bottom flows
into the well. The hydraulic head in the well is slightly
higher than that in the buffer layer (the head difference is
about 0.0004 m). This indicates that the converged ground-
water in the passive well can be logically transported to
the PRB system through the water pipe. As a result, this
enables the PC-PRB to capture the deeper contaminated
groundwater. Similarly, the value of #, decreases with an
increase in the ¥,. Compared to the C-PRB, the ¢, of the
PC-PRB decreases by 10.4 d, presenting a reduction of
about 8.0%. However, since the value of AW, is smaller
than the AW, the reduction in ¢ is less apparent
compared to that of #,.

Itis proved that the /%, and W, of the PC-PRB remarkably
increase compared to that of the C-PRB. In the examined
case study, such growth rates in order are greater than
50% and 25%. Thereby, the PRB geometric dimensions
as well as the materials cost required for the same plume
treatment lessens. To sum up, the PC-PRB is a hydrauli-
cally feasible and superior PRB configuration to enhance
hydraulic performance based on the analysis results of the
above two cases.

5 Influential factors analysis of PC-PRB
hydraulic performance

5.1 Dominant influential factors identification

The design of PC-PRB involves many factors (see Fig. 2),
so we need to identify the dominant influential factors of
the two hydraulic performance parameters (namely, W
and ) of the PC-PRB through local sensitivity analysis,
which is of great importance to simplify its design
procedure. The sensitivity analysis is aimed to evaluate
model outputs in response to the variations in the model
input factors (Singh et al., 2020). The local sensitivity
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Fig.3 Hydraulic capture width () comparison between PC-PRB and C-PRB: (a) The horizontal 2D capture width (W},  prp) of
the C-PRB, (b) the horizontal 2D capture width (W}, pc prp) of the PC-PRB, (c) the vertical 2D capture depth (W, ¢ pgp) of the C-

PRB, (d) the vertical 2D capture depth (W, pc pgp) of the PC-PRB.

Table 2 Comparison between the hydraulic performance factors of
the PC-PRB and those of the PRB

Simulation domain Configuration W (m) AW (m) v (m/d) ¢(d) Ar(d)

Horizontal 2D C-PRB 36 - 0.023 1304 -
confined

aquifer PC-PRB 55 19 0.032 93.8 -36.6
Vertical 2D C-PRB 11 - 0.023 1304 -
confined aquifer PC-PRB 14 3 0.025 120.0 —10.4

index (S7) is considered as an indicator of the input factor
sensitivity. The corresponding changes in the model

outputs are assessed at a 20% change in input parameter
values.

The sensitivity analysis results of W, #,, W,, and ¢, are
presented in Fig. 4. In terms of the absolute value of S/
(see Figs. 4(a) and 4(b)), the sensitivity rankings of W,
and f, are given by Lppg>L,>D>Tprp>Ty=D, and
Torp™Ly>Lprpg>D,>T,>D,, respectively. It is noticed
that W, represents the horizontal 2D width of the
groundwater area that passes through rather than bypasses
the PRB, and ¢, denotes the contact time between the
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(a) (b)
PRB thickness, Tirp 3.6% 92.2% Basic value: 3 m
PRB length, Lppp 62.7% 13.5% Basic value: 30 m
Buffer layer thickness, 7, 1.4% —2.3% Basic value: 1 m
Pipe diameter, D, 1.4% —2.1% Basic value: 1 m
Pipe length, L, 24.5% -19.7% Basic value: 30 m
Well diameter, D,, 8.2% —12.1% Basic value: 5 m

~80% —60% —40% —20% 0% 20% 40% 60% 80% —100%—75%—50% —25% 0% 25% 50% 75% 100%

(c) ()]
PRB height, Hpry 57.1% 3.7% Basic value: 10 m
PRB thickness, Tyyp 3.6% 21.2% Basic value: 3 m
Buffer layer thickness, 75, 0.72% —-0.21% Basic value: 1 m
Pipe buried depth, B, 0.72% —0.47% Basic value: 2.5 m
Pipe diameter, D, 0.71% —-0.01% Basic value: 1 m
Pipe length, L, 5.36% ~1.12% Basic value: 30 m
Well height, H,, 10.71% ~1.02% Basic value: 5 m
Well diameter, D,, 0.71% —0.19% Basic value: 5 m

—60% —40% -20% 0% 20%  40%

60% —30% —20% —10%

0% 10%  20%  30%

Fig. 4 The sensitivity index (S/) analysis of various factors: (a) W, (b) 4, (c) W,, (d) ¢,.

pollutants and reactive materials in the horizontal 2D
confined aquifer, which is determined by the 75 and the
groundwater velocity through the PRB. Therefore, it is
not difficult to understand that the L, variation has a
considerable influence on the W, and the same story
holds true for the effect of Tppy on . These results are
rationally consistent with those obtained by other resear-
chers (Tan et al., 2016; Rad and Fazlali, 2020). Additionally,
the value of W, has a high sensitivity to the variation of
L_, which indicates that the L_ is the dominant influential
factor on the hydraulic performance of the PC-PRB. As
demonstrated in Figs. 4(c) and 4(d), the sensitivity ranks
for W, and ¢, are represented by Hprp>H,,>L,>Tppp>T,=
B>D,=D, and Typp>Hprg>L,>H >B>T>D,>D,
respectively. The plotted results show that any changes in
Hppp and Tppp greatly affect the variations of W, and ¢,,
respectively, which is in accordance with the obtained
results in previous studies (Singh et al., 2020). Furthermore,
W, is highly sensitive to the variation of /,, while the #,
is less sensitive to other factors, except Tprp and Hppp.

In brief, in the design procedure of the PC-PRB, in
addition to the two PRB system parameters (i.e., Lpgg and
Hppp) that influence the initial capture ability of the PRB,
the two PC system parameters (i.e., L, and H,) that affect
the increase in the hydraulic performance of the PC-PRB
should also be preferentially considered. As a result, we
will next focus on the effect of the two PC system
parameters (i.c., L, and H,,) on the AW and Ar.

5.2 Effect of water pipe length (L) variation

The effect of the variation of L, in the range of 10-60 m

on the two horizontal 2D discrepancies (namely, AW} and
Aty) is of interest. Herein, three levels of Lpgy (i.e., 10,
30, and 50 m) have been taken for such analysis. The
values of other parameters are kept fixed as basic values,
as presented in Table 1. The regression analysis between
the two dependent variables (namely, AW, and A¢,) and
the one independent variable (Lp) is conducted using
OriginPro 2018 software. The linear and quadratic
regression models are investigated to determine the best
model for predicting the response of the dependent
variables due to the variation of the independent variable
(see Figs. 5(a) and 5(b)).

Regarding the effect of L, on AW,, the AW, is
considerably proportional to L, and the corresponding
response relationship between them conforms to the linear
regression model (R? > 0.98, P < 0.001) (see Fig. 5(a)).
Further, there is a little difference between the response
relationships of AW, with L for the considered levels of
Lprp, which can be concluded that AW, exhibits a
significant response to L, but a low correlation with
Lprg- As demonstrated in Fig. S3(a), the head along the
water pipe approximately does not change. In other
words, the water pipe is similar to a connector, which can
almost lessen the initial head of the well location to the
initial head of the buffer layer place. This makes the
groundwater nearby the well intensively flow into the
well, thereby achieving the passive hydraulic decompression-
convergent flow effect. Therefore, the length of the water
pipe (L,) directly determines the head drop in the well,
and thus the AW, exhibits a significant response to L . In
contrast, Lpr mainly determines the initial capture width
of the PRB system and does not considerably affect the
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Fig. 5 Effects of L, and H, on crucial factors for various levels of Lppp and Hypp: (2) AW, (b) Ay, (¢) AW, (d) At,.

AW,. The present finding that the AW, has little relevance
with the PRB parameters and its value mainly determined
by L, is particularly exciting since it will dramatically
simplify the design process and enhance the application
value of the PC-PRB. Regarding the effect of L on Ag,
At is inversely proportional to L, and the response
relationship between them follows a quadratic regression
model (R? >0.98, P<0.01) (see Fig. 5(b)). Additionally,
At, is proportional to Lpgp, indicating that the longer the
Lpgp, the smaller the loss of hydraulic residence time due
to the hydraulic decompression-convergent flow effect.
This is essentially attributed to the fact that for the same
L, (ie., the same AW,), the longer Lypp yields less
groundwater is equally distributed per unit PRB length.

5.3 Effect of passive well height () variation

The influence of the variation of H, in the interval of
2.5-15 m for three values of Hpys (i-€., 5, 10, and 15 m)
on the vertical 2D discrepancies (namely, AW, and At,) is
also of high concern. To this end, the values of other
parameters are kept fixed as basic values (see Table 1).
The linear and quadratic regression models are also

examined to determine the best model to describe the
response of the dependent variables (namely, AW, and
At,) due to the variation of the independent variable (H,)
(see Figs. 5(c) and 5(d)). The obtained results reveal that
there exists a proportional correlation between the AW,
and H, just like the corresponding correlation between
the AW, and L . This is accurately consistent with a linear
regression model (R?2 >0.96, P<0.001) (see Fig. 5(c)).
Although there is no considerable difference between the
response relationships of AW, with H, for the considered
levels of Hpgy, the influence of Hppp on AW, cannot be
neglected. The AW, is inversely proportional to Hpgg,
which means that for the same H, the smaller the Hpgp,
the greater the increment in the hydraulic capture depth.
This may be caused by the fact that as the PRB height
increases, the buffer layer height increases as well.
Regarding the effect of A, on At,, At, has an inversely
proportional relationship with H,, (R?> >0.99, P<0.001)
(see Fig. 5(d)). The response relationship between At and
obeys a quadratic regression model. This is due to the fact
that for a given Hpgy, the increase of H, leads to an
increase in the flow rate through the PRB, thereby
increasing the reduction of f,. Meanwhile, Af, is
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proportional to Hppy, implying that the higher Hppp
results in the smaller loss of the hydraulic residence time
due to the passive hydraulic decompression-convergent
flow effect. This may be attributed to the fact that for the
identical levels of H,, the higher Hpyy results in a less
average groundwater distribution per unit PRB height.

In general, the AW, has a low correlation with the PRB
factors and its value is significantly proportional to L.
The parameter Ay, is inversely proportional to L, and
positively proportional to Lpps. However, AW, relies on
both H, and Hpy. In more detail, it is proportional to
and inversely proportional to Hpgp. Further, Af, is
inversely proportional to H, and directly proportional to

Hppg-

6 Conclusions

An innovative and sustainable PRB configuration, the so-
called PC-PRB, was proposed to overcome several
shortcomings of the traditional PRB configurations. The
PC-PRB was designed to make the contaminated
groundwater converge towards the PRB system due to the
passive hydraulic decompression-convergent flow effect.
Further, a 2D finite-difference hydrodynamic code,
entitled PRB-Flow, was developed to evaluate the
hydraulic performance of the PC-PRB. It was proved that
the W, and W, of the PC-PRB remarkably increase
compared to that of the C-PRB. The aforementioned
increasing values were reported to be greater than 50%
and 25%, respectively. Thus, the PRB geometric
dimensions and materials cost required for the same
plume treatment were reduced. The dominant influential
factors on the hydraulic performance of the PC-PRB were
water pipe length (Lp), PRB length (Lpgg), passive well
height (#,,) and PRB height (Hprg). The obtained results
revealed that the AW, has a low correlation with the PRB
parameters and its value mainly determined by L, which
can dramatically simplify the design and enhance the
application value of the PC-PRB. Generally, the proposed
PC-PRB exhibited an effective and superior PRB
configuration to improve hydraulic performance.

However, although the PC-PRB can considerably
broaden its application scenarios and conditions, such a
configuration would be more suitable for larger slopes in
terrain. This is because it is easier and cheaper to drill the
passive wells, lay the horizontal water pipes, and
construct the PRBs. Moreover, the cost counting and
parameters optimization of the PC-PRB need to be further
studied in the 3D solute transport cases.

Declaration of Competing Interest The authors do not have any
conflicts of interest or financial disclosures to report.

Acknowledgements This work was supported by the National Key R&D
Program of China (No. 2018YFC1802306) and the National Natural
Science Foundation of China (No. 42177177).

Electronic Supplementary Material Supplementary material is available
in the online version of this article at https://doi.org/10.1007/s11783-022-
1591-y and is accessible for authorized users.

References

Ali A F, Abd Ali Z T (2020). Sustainable use of concrete demolition
waste as reactive material in permeable barrier for remediation of
groundwater: Batch and continuous study.
Environmental Engineering, 146(7): 04020048

Bekele D N, Naidu R, Birke V, Chadalavada S (2015). Choosing the
best design and construction technologies for permeable reactive

Journal of

barriers. In: Naidu R, Birke V, eds. Permeable Reactive Barrier:
Sustainable Groundwater Remediation. Newcastle: CRC Press,
41-61

Bortone I, Di Nardo A, Di Natale M, Erto A, Musmarra D,
Santonastaso G F (2013). Remediation of an aquifer polluted with
dissolved tetrachloroethylene by an array of wells filled with
activated carbon. Journal of Hazardous Materials, 260: 914-920

Courcelles B (2015). Guidelines for preliminary design of funnel-and-
gate reactive barriers. International Journal of Environment and
Pollution Research, 3(1): 16-26

Craig J R, Rabideau A J, Suribhatla R (2006). Analytical expressions
for the hydraulic design of continuous permeable reactive barriers.
Advances in Water Resources, 29(1): 99-111

Faisal A A, Abdul-Kareem M B, Mohammed A K, Naushad M, Ghfar
A A, Ahamad T (2020). Humic acid coated sand as a novel sorbent
in permeable reactive barrier for environmental remediation of
groundwater polluted with copper and cadmium ions. Journal of
Water Process Engineering, 36: 101373

Falciglia P P, Gagliano E, Brancato V, Malandrino G, Finocchiaro G,
Catalfo A, De Guidi G, Romano S, Roccaro P, Vagliasindi F G A
(2020). Microwave based regenerating permeable reactive barriers
(MW-PRBs): Proof of concept and application for Cs removal.
Chemosphere, 251: 126582

Gibert O, Assal A, Devlin H, Elliot T, Kalin R M (2019). Performance
of a field-scale biological permeable reactive barrier for in-situ
remediation of nitrate-contaminated groundwater. Science of the
Total Environment, 659: 211-220

Gillham R W, Vogan J, Gui L, Duchene M, Son J (2010). Iron barrier
walls for chlorinated solvent remediation. In: Stroo H F, Ward C H,
eds. In Situ Remediation of Chlorinated Solvent Plumes. New York:
Springer, 537-571

Grajales-Mesa S J, Malina G, Kret E, Szklarczyk T (2020). Designing a
permeable reactive barrier to treat TCE contaminated groundwater:
Numerical modelling. IMTA-TC, 11(3): 78-106

Gupta N, Fox T C (1999). Hydrogeologic modeling for permeable
reactive barriers. Journal of Hazardous Materials, 68(1-2): 19-39

Hudak P F (2008). Configuring passive wells with reactive media for
treating contaminated groundwater. Environment and Progress,
27(2): 257-262

Jeen S W, Gillham R W, Przepiora A (2011). Predictions of long-term
performance of granular iron permeable reactive barriers: Field-
scale evaluation. Journal of Contaminant Hydrology, 123(1-2):
50-64


https://doi.org/10.1007/s11783-022-1591-y
https://doi.org/10.1007/s11783-022-1591-y
https://doi.org/10.1007/s11783-022-1591-y
https://doi.org/10.1007/s11783-022-1591-y

10 Front. Environ. Sci. Eng. 2022, 16(12): 156

Jiang Y, Xi B, Li R, Li M, Xu Z, Yang Y, Gao S (2019). Advances in
Fe (III) bioreduction and its application prospect for groundwater
remediation: A review. Frontiers of Environmental Science &
Engineering, 13(6): 89

Lin L, Benson C H, Lawson E M (2005). Impact of mineral fouling on
hydraulic behavior of permeable reactive barriers. Ground Water,
43(4): 582-596

Liu S, Li X, Wang H (2011). Hydraulics analysis for groundwater flow
through permeable reactive barriers. Environmental Modeling and
Assessment, 16(6): 591-598

Lu X, Li M, Deng H, Lin P, Matsumoto M R, Liu X (2016).
Application of electrochemical depassivation in PRB systems to
recovery Fel reactivity. Frontiers of Environmental Science &
Engineering, 10(4): 4

Maamoun I, Eljamal O, Falyouna O, Eljamal R, Sugihara Y (2020).
Multi-objective optimization of permeable reactive barrier design
for Cr(VI) removal from groundwater.
Environmental Safety, 200: 110773

Painter B D (2005). Optimisation of permeable reactive barrier systems

Ecotoxicology and

for the remediation of contaminated groundwater. Dissertation for
the Doctoral Degree. Lincoln: Lincoln University
Park E, Zhan H (2002). Hydraulics of a finite-diameter horizontal well
with wellbore storage and skin effect. Advances in Water
Resources, 25(4): 389400
Puls R W (2006). Long-term performance of permeable reactive
barriers: lessons learned on design, contaminant treatment,
longevity, performance monitoring and cost-an overview. In:
Twardowska I, Allen H E, Haggblom M M, Stefaniak S, eds. Soil
and Water Pollution Monitoring, Protection and Remediation.
Dordrecht: Springer, 221-229

Rad P R, Fazlali A (2020). Optimization of permeable reactive barrier

dimensions and location in groundwater remediation contaminated
by landfill pollution. Journal of Water Process Engineering, 35:
101196

Santisukkasaem U, Olawuyi F, Oye P, Das D B (2015). Artificial
neural network (ANN) for evaluating permeability decline in
permeable reactive barrier (PRB). Environmental Processes, 2(2):
291-307

Singh R, Chakma S, Birke V (2020). Numerical modelling and
performance evaluation of multi-permeable reactive barrier system
for aquifer remediation susceptible to chloride contamination.
Groundwater for Sustainable Development, 10: 100317

Tan Y, Liang J, Zeng G, Yuan Y, An Z, Liu L, Liu J (2016). Effects of
PRB design based on numerical simulation and response surface
methodology. Chinese Journal of Environmental Engineering,
10(2): 655-661 (in Chinese)

Torregrosa M, Schwarz A, Nancucheo I, Balladares E (2019).
Evaluation of the bio-protection mechanism in diffusive exchange
permeable reactive barriers for the treatment of acid mine drainage.
Science of the Total Environment, 655: 374-383

Turner M, Dave N M, Modena T, Naugle A (2005). Permeable reactive
barriers: lessons learned/new directions. Washington, DC: Interstate
Technology Regulatory Cooperation

Wilson R D, Mackay D M, Cherry J A (1997). Arrays of unpumped
wells for plume migration control by semi-passive in situ
remediation. Ground Water Monitoring and Remediation, 17(3):
185-193

Xiao K, Wilson A M, Li H, Ryan C (2019). Crab burrows as
preferential flow conduits for groundwater flow and transport in salt
marshes: A modeling study. Advances in Water Resources, 132:
103408



	1 Introduction
	2 Concept and principle of the PC-PRB
	3 PC-PRB simulation in PRB-Flow code
	3.1 Model setup and validation
	3.2 Simulation domain
	3.3 PC-PRB simulation conditions

	4 Hydraulic performance comparison between the PC-PRB and C-PRB
	4.1 Case of horizontal 2D confined aquifer
	4.2 Case of vertical 2D confined aquifer

	5 Influential factors analysis of PC-PRB hydraulic performance
	5.1 Dominant influential factors identification
	5.2 Effect of water pipe length (Lp) variation
	5.3 Effect of passive well height (Hw) variation

	6 Conclusions
	Declaration of Competing Interest 
	Acknowledgements
	Electronic Supplementary Material

