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A B S T R A C T

Horizontal Permeable Reactive Barriers (HPRBs) installed in the unsaturated zone beneath buildings recently 
emerged as promising passive strategies to mitigate chlorinated vapor intrusion at contaminated sites. To date, 
experimental investigations have been conducted only at the laboratory scale. To progress toward full-scale 
implementation, modeling tools are essential for barrier design and predicting field performance. Existing 
modeling approaches assume infinitely wide barriers failing to account for the potential lateral bypass of vapors 
around the barrier. This assumption hinders the accurate assessment of field performance, as vapors may still 
reach buildings through longer diffusion pathways. In this work a 2-D numerical model that incorporates both 
vertical and horizontal dimensions of the reactive barrier was developed in Comsol Multiphysics. The results 
highlight that vapor lateral bypass is a critical factor. Barriers twice the width of the building footprint may 
achieve attenuation factors in the order of 10− 3, providing adequate protection only for low contamination levels 
(slightly above MCLs). For higher contamination scenarios, additional vertical barriers are required to intercept 
lateral vapors. This study explores several configurations using purely horizontal barriers or integrating them 
with reactive vertical layers or HDPE liners. The latter solutions are capable of achieving attenuation factors in 
the order of 10− 10, ensuring acceptable indoor risk for various chlorinated solvents, even under saturated 
groundwater conditions. To support the selection and design of barrier configurations, this study provides a set of 
nomographs as practical tools tailored to the target subsurface vapor attenuation levels, facilitating the field- 
scale implementation of this mitigation approach.

1. Introduction

Chlorinated solvents contamination is a concerning and widespread 
environmental issue [1–3]. These compounds are often detected as 
pollutants in soil, groundwater and surface water due to their extensive 
use or improper disposal in the past [2,4–6]. If released in the subsur
face, chlorinated solvents are generally low biodegradable and persist as 
dense non-aqueous phase liquids (DNAPL), overpassing the saturated 
zone and contaminating groundwater with diffuse and persistent plumes 
[7–9]. From groundwater and subsurface DNAPL sources, the contam
ination by chlorinated solvents can extend into the unsaturated zone 
through volatilization [1,10–12]. Also, if buildings are present, vapors 
can reach the indoor environment through vapor intrusion (VI), posing 
critical concerns for human health [13–19]. In sites affected by chlori
nated solvents diffuse contamination, mitigation techniques that 
manage VI pathway are more indicated and sustainable than traditional 

remediation for technical and economic reasons [20,21]. In such cases, 
different existing mitigation techniques can be adopted to manage VI 
risks, including active techniques (e.g., sub-slab depressurization sys
tems or air conditioning control) or passive techniques (e.g., low 
permeable barriers) [22–26]. In this context, the use of reactive layers, 
specifically Horizontal Permeable Reactive Barriers (HPRBs), aimed at 
passively degrading chlorinated vapors in the subsurface has been pro
posed as a novel mitigation strategy for managing VI [21,27,28]. The 
advantage of HPRBs relies on the capacity to transform vapors of 
harmful compounds, such as trichloroethylene (TCE) or tetrachloro
ethylene (PCE), into less toxic ones due to the induction of degradation 
reactions by the reactive filling material [29–31]. HPRBs were investi
gated in previous literature by experiments and modeling aimed at un
derstanding the feasibility of using different reactive filling materials, 
such as oxidants or reducing agents, and the preliminary design of the 
technique. Mahmoodlu et al. [27,29] proposed the use of dry solid 
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granules of potassium permanganate (KMnO4) as constituents for HPRBs 
to promote chlorinated solvents oxidation to CO2, testing its potential in 
degrading TCE vapors at partially saturated conditions in laboratory 
batch and column tests and showing its effectiveness towards the 
treatment. Based on the experimental results obtained with KMnO4, 
Verginelli et al. [28] described the HPRB behavior by developing a 1-D 
analytical model at steady-state, showing that a barrier less than 1 m 
thick can mitigate chlorinated solvent vapors at acceptable levels for a 
timeframe of 10 years. However, the dissolution of solid KMnO4 could 
occur due to water leaching, leading to the consumption of the barrier 
and making it a low-lasting technique [28].

To overcome this problem, zero-valent iron (ZVI) was proposed as a 
filling material, able to induce the degradation of chlorinated solvents 
by reductive dehalogenation to mainly non-carcinogenic hydrocarbons 
[21,31]. Different ZVI-based reactive materials were investigated as 
constituents for HPRBs, particularly micrometric ZVI [21,31], ZVI bi
metals [30,32], and sulfidated ZVI bimetals [33]. In these studies, TCE 
vapor degradation batch tests were performed at different conditions (i. 
e., different humidity and aerobic/anaerobic conditions). Micrometric 
ZVI was found suitable to fill HPRBs and effective towards TCE vapors 
degradation [21,31,34,35]. The addition of nickel (Ni) or copper (Cu) 
onto ZVI enhanced dechlorination via electron transfer and hydroge
nation reactions, leading to faster TCE vapors removal [30,32]. How
ever, due to passivation, both ZVI and bimetals ensured limited 
treatment efficiency in time [33]. Sulfidated ZVI-based bimetals instead 
showed resistance to passivation and enhanced dechlorination of TCE 
vapors in batch and column tests, thus resulting in the most promising 
alternatives for constituting HPRBs [33]. Based on the experimental 
results and simple 1-D analytical solutions, the minimum HPRB thick
ness needed to ensure good levels of TCE reduction was estimated in the 
order of 1 m [21] for ZVI and 12–18 cm for ZVI bimetals and sulfidated 
materials [32,33].

More advanced modeling evaluations on HPRBs were recently 
explored by assuming oxidant-based barriers. Wang et al. [36] and Zhu 
et al. [37] developed 2-D multilayer analytical and numerical models 
considering the effect of several environmental factors (e.g., pH, satu
ration level, temperature, non-homogeneity of the source concentra
tion), barrier properties (e.g., vertical thickness, adsorption on reactive 
material) and distance from the source of contamination. Also, Shi et al. 
[38] developed a multilayer 1-D analytical model that considers 
advection due to pressure gradients and potential biodegradation 
affecting vapor transport in the soil and the reactive layer. The 
mentioned studies confirmed that a less than 1 m thick barrier could 
ensure effective chlorinated vapors degradation, and increasing HPRB 
thickness and saturation levels lead to enhanced degradation perfor
mances [36–38].

However, existing models assume an infinitely wide barrier in the 
horizontal direction, thus neglecting the possibility of lateral vapor 
bypass. This assumption significantly limits their applicability for field- 
scale design, as it overlooks the potential for vapors to migrate around 
the edges of the barrier and reach overlying buildings through longer 
diffusion pathways.

Given these limitations, this study presents a 2-D steady-state nu
merical model implemented in Comsol Multiphysics, specifically 
conceived to support the design of HPRBs as a vapor intrusion mitigation 
strategy. The developed model explicitly incorporates both vertical and 
lateral dimensions of the barrier, allowing for the evaluation of bypass 
phenomena and providing a more realistic assessment of barrier per
formance at contaminated sites. To this aim, four different configura
tions of HPRBs were investigated to determine the most effective design 
for mitigating chlorinated vapor intrusion. The considered configura
tions include: (1) a purely horizontal continuous barrier, (2) a horizontal 
funnel and gate configuration with the alternation of reactive material 
and low permeable layers and (3–4) a belting configuration (i.e., hori
zontal and vertical layers surrounding the building in the subsurface) 
made either entirely of reactive material or combining it with a vertical 

low-permeability layer. The aim of this study is to deepen the HPRB 
design and provide indications of the vapors attenuation expected in 
buildings using this technique. Hence, indications on the expected per
formances for different HPRB configurations are provided in order to 
support full-scale implementation and facilitate field application at 
contaminated sites.

2. Model development

2.1. Vapor transport governing equations

The transport of contaminated vapors in the porous media was 
modeled at steady-state conditions, assuming a purely diffusive trans
port in homogenous soil (Eq. (1)) and a diffusive-reactive transport in 
the HPRB (Eq. (2)): 

∇⋅(Ds∇c) = 0 (1) 

∇⋅(DHPRB∇c) − k⋅c = 0 (2) 

where c (g/m3) represents the contaminant concentration in the vapor 
phase, k (s− 1) is the degradation rate constant in the vapor phase, and Ds 
(m2/s) and DHPRB (m2/s) are respectively the effective diffusion co
efficients in the soil and in the HPRB. Note that this assumption is 
consistent with previous modeling studies showing that, on a long-term 
average basis, diffusion can be considered the dominant transport pro
cess for the migration of gases in the vadose zone [39,40].

The effective diffusion coefficients in the soil and in the HPRB, Ds and 
DHPRB, were obtained from the Millington and Quirk equation [41], as 
reported in Eq. (3) and Eq. (4), respectively: 

Ds =
Da ⋅

(
θe,s − θw,s(z)

)3.33

θ2
e,s

+
Dw ⋅θw,s(z)3.33

H⋅θ2
e,s

(3) 

DHPRB =
Da ⋅θ3.33

a,HPRB

θ2
e,HPRB

+
Dw ⋅θ3.33

w,HPRB

H⋅θ2
e,HPRB

(4) 

where Da (m2/s), Dw (m2/s) and H (-) are, respectively, the air and water 
diffusion coefficients and the dimensionless Henry’s constant of the 
contaminant.

In Eq. (3), θe,s (-) and θw,s (-) are the effective porosity and the 
volumetric water content of the soil, respectively. θw,s was calculated as 
a function of the vertical distance from the water table (z) using the Van 
Genuchten equation [42]: 

θw,s(z) = θr,s +
θe,s − θr,s

[1 + (a⋅z)n
]
m (5) 

where z (m) is the vertical distance above the groundwater level, θr,s (-) 
is the residual water content of the soil and a (m− 1), n (-), m (-) are the 
soil hydraulic retention parameters in the Van Genuchten equation [43].

In Eq. (4), θa,HPRB (-), θw,HPRB (-) and θe,HPRB (-) are respectively the 
air content, the water content and the effective porosity of the HPRB, 
assumed to be fixed in the reactive layer.

Since the degradation of the compounds takes place in the water 
phase within the barrier porosity, the kinetic rate constants in the vapor 
phase (k) used in the transport equation (Eq. (2)) can be expressed, 
assuming linear equilibrium partitioning, as follows [21,44]: 

k = k1⋅
θw,HPRB

H
(6) 

where k1 (s− 1) is the first-order kinetic degradation constant in the water 
phase. A first-order kinetic was commonly observed in degradation tests 
of chlorinated compounds in both aqueous and gaseous phases when 
using reducing agents such as ZVI-based materials [21,33,45,46]. 
Alternative kinetic models have also been reported, including zero-order 
(k0, g/m3/s) for bimetallic reducing materials [32,33] and second-order 
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(k2, g/m3/s) for oxidant-based systems [27–29]. These can be approxi
mated as pseudo-first-order kinetics assuming either a constant initial 
contaminant concentration for zero-order systems, or a constant oxidant 
concentration for second-order reactions [28,32]. In general, the kinetic 
degradation constant is specific to the reactive material used and can be 
determined through laboratory tests on a representative compound.

2.2. Numerical implementation

An axial-symmetric 2-D steady-state numerical model was developed 
using the software Comsol Multiphysics (Comsol Inc., Burlington, MA, 
Version 6.0), employing the software module “transport of diluted 
species in porous media” to model both the diffusion of chlorinated 
vapors in the subsurface (Eq. (1)) and the diffusive-reactive transport in 
the domain regions representing the HPRB (Eq. (2)).

The domain considered for developing the model is depicted in Fig. 1
and consisted of a building located above a soil layer, where a HPRB 
system was implemented to mitigate vapor intrusion. The building is 
assumed to have a foundation with a depth Hb and a width Lb. The 
underlying soil extends laterally for a width Ls and vertically down to the 
contaminated groundwater table, located at depth Hgw.

The HPRB system was modeled with four different design configu
rations to evaluate how variations in geometry affect vapor attenuation 
in the subsurface, particularly with respect to potential lateral vapor 
bypass (Fig. 1).

Specifically, Configuration 1 represents the simplest design, con
sisting solely of a HPRB with a thickness dHPRB and width LHPRB, placed 1 
m below the building foundations. This configuration is intended to 
intercept vapors rising vertically from the subsurface, not including any 
specific elements to limit lateral vapor migration.

Configuration 2 builds upon the first configuration by adding a non- 
permeable horizontal layer made of high-density polyethylene (HDPE), 
1 mm thick (dHDPE) and LHDPE wide, extending laterally from the HPRB 
corners. This impermeable layer is designed to reduce the risk of lateral 
vapor bypass by extending the effective width of the barrier system.

Configuration 3 introduces a more robust solution to lateral bypass 
by incorporating a vertical barrier made of the same reactive material 
used in the HPRB. This vertical barrier, with a height HPRB, extends from 
the end of the horizontal HPRB up to the ground surface, effectively 
surrounding the building footprint and creating a containment zone.

Finally, Configuration 4 adopts a similar approach to Configuration 3 
but replaces the reactive vertical barrier with a 1 mm thick HDPE liner. 

Fig. 1. Representation of the different domains assumed for the developed numerical model for each configuration proposed. In the first two configurations, only 
horizontal barriers were considered, consisting of either (a) reactive permeable material (HRPB) or (b) reactive material combined with an HDPE liner. In the 
remaining two configurations, the horizontal barriers were coupled with vertical barriers made of either (c) reactive material (PRB) or (d) HDPE liner. Boundary 
conditions are graphically represented, consisting of concentration boundary in the source of contamination (purple lines) and in the soil surface (green lines) and no 
flux condition (black lines). Point P (red dot) represents the point of evaluation of soil vapor attenuation for each specific HPRB system configuration. Light blue lines 
represent the problem domain in which a 1 mm thick HDPE liner was considered.
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This configuration aims to physically block lateral vapor flow using an 
impermeable material rather than relying on chemical reactivity.

As boundary conditions in the model, a constant concentration equal 
to csource was imposed along the entire domain width at the depth of the 
groundwater table (c=csource, purple line in Fig. 1), while a zero con
centration condition was applied at the segment representing the ground 
surface (c = 0, green line in Fig. 1). Note that the assumption of a 
continuous and spatially unconfined vapor source is a conservative 
assumption, representing a scenario characterized by extensive or 
diffuse contamination. Furthermore, a no flux condition was imposed at 
the axis of symmetry, at the vertical segment at the end of the soil layer 
width, and on the segments representing the depth and width of the 
building (∇c⋅n = 0, black lines in Fig. 1). In Configurations 2 and 4, the 
no flux condition was also imposed on the segments representing the 
horizontal and vertical HDPE liners (illustrated as light blue lines in 
Fig. 1). Note that in Configuration 2 the HDPE horizontal liner (i.e., the 
no flux boundary condition) was assumed to overlap the HPRB for a 
distance of 50 cm.

To estimate vapor intrusion into the building, it was assumed that 
vapors enter through openings and cracks located at the interface be
tween the floor and the walls, at a distance of 20 cm from the building 
perimeter (dP) (see point P in Fig. 1). This assumption is consistent with 
previous vapor intrusion studies [47–50]. Note that this is a conservative 
assumption, as lateral bypass of vapors around the barrier is more sig
nificant at the building edges compared to the central area.

The parameters values employed for each configuration in the nu
merical simulations are reported in Table 1. The subsurface environment 
was modeled as a sandy soil, with characteristic properties selected in 
accordance with the U.S. EPA [51] classification and guidance for soil 
parameters. Porosity values for the HPRB were derived from previous 
studies [21,33]. The subsurface beneath the building was modeled as a 
homogeneous soil layer extending 50 m from the axis of symmetry (Ls) 
(see Fig. 1). The vapor source was assumed to originate from ground
water contaminated with trichloroethylene (TCE), which was selected as 
the model compound. TCE-specific parameters were obtained from the 
U.S. EPA database [52]. The building foundations were modeled to 

extend 1 m below ground level (Hb) and situated 5 m above the 
contaminated groundwater (Hgw).

The other parameters were varied through the simulations con
ducted for the HPRB design study for each assumed configuration (see 
Fig. 1). For Configurations 1 and 2, the study focused on evaluating the 
efficiency of the HPRB in preventing lateral bypass of contaminated 
vapors. In Configuration 1, which includes only the HPRB, the ratio 
between the barrier width and the building footprint (LHPRB/Lb) varied 
between 1 and 2, while the barrier thickness (dHPRB) was kept constant 
at 50 cm. In Configuration 2, where the HPRB was combined with a 
horizontal HDPE liner, the width of the HPRB was fixed (LHPRB/Lb equal 
to 1.5), while the width of the HDPE liner was varied. As a result, the 
total ratio between the barrier width and the building footprint 
((LHPRB+LHDPE)/Lb) ranged from 2 to 5. In Configurations 3 and 4, a 
vertical barrier was added to prevent lateral contaminant bypass. In 
these cases, the HPRB width remained fixed with LHPRB/Lb equal to 1.5, 
while the HPRB thickness was varied from 10 to 100 cm to investigate its 
influence on vapors attenuation.

In all the simulated configurations, the degradation kinetic constants 
of the HPRB were varied in the range of 0.1 to 10 d− 1, to represent 
different reactive materials or water contents within the barrier. This 
range is consistent with the values reported in the literature for the 
degradation of chlorinated vapors by reactive materials. For instance, 
Zingaretti et al. [21] reported degradation rate constants for TCE vapors 
in the range of 0.02–0.3 d− 1 using ZVI powders, while Settimi et al. [33] 
found values between 0.6 and 5.7 d− 1 using ZVI-based bimetallic and 
sulfidated materials.

Vapor intrusion mitigation assessment

The expected performances of the different HPRB configurations 
were assessed in terms of source-to-indoor attenuation factor (α), 
defined as the ratio between the indoor and the vapor source concen
trations. α could be defined as the product of the subsoil attenuation 
factor (αsoil) influenced by HPRB mitigation and the attenuation factor 
through the building foundations (αss) that depends on the building 

Table 1 
Parameters employed in the numerical simulations for each HPRB configuration design. (-) indicates the absence of the specific parameter in the assumed configu
ration, while the parameters subjected to the design study are expressed as variables, indicating the range assumed. Configuration 1 = HPRB; Configuration 2 =
HPRB+horizontal HDPE; Configuration 3 = HPRB+vertical PRB; Configuration 4 = HPRB+vertical HDPE.

Parameter Configuration 1 Configuration 2 Configuration 3 Configuration 4

Soil Parameters (sand)

θe,s (-) 0.375 0.375 0.375 0.375
a (m− 1) 3.524 3.524 3.524 3.524
n (-) 3.177 3.177 3.177 3.177
m (-) 0.685 0.685 0.685 0.685
Hgw (m) 5 5 5 5
Ls (m) 50 50 50 50
Lb (m) 5 5 5 5
Hb (m) 1 1 1 1
dP (m) 0.2 0.2 0.2 0.2

HPRB Parameters

θe,HPRB (-) 0.61 0.61 0.61 0.61
θw,HPRB (-) 0.5 0.5 0.5 0.5
θa,HPRB (-) 0.11 0.11 0.11 0.11
LHPRB (m) variable (5–10) 7.5 7.5 7.5
dHPRB (m) 0.5 0.5 variable (0.1–1) variable (0.1–1)
HPRB (m) – – 2 –
LHDPE (m) – variable (2.5–17.5) – –
dHDPE (m) – 0.001 – 0.001
HHDPE (m) – – – 2
k (d− 1) variable (0.1–10) variable (0.1–10) variable (0.1–10) variable (0.1–10)

Compound Parameters (TCE)

Da (m2/s) 6.67 ⋅10− 6 6.67 ⋅10− 6 6.67 ⋅10− 6 6.67 ⋅10− 6

Dw (m2/s) 1.02 ⋅10− 9 1.02 ⋅10− 9 1.02 ⋅10− 9 1.02⋅10− 9
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characteristics and the air exchange rate [51,53]: 

α = αsoil⋅αss (7) 

The subsoil attenuation factor (αsoil) was estimated with the nu
merical model as the ratio between the concentration at the soil to 
building interface (c(P)) (point P in Fig. 1) and the vapor source con
centration (csource): 

αsoil =
c(P)
csource

(8) 

Instead, the attenuation factor through the building foundations (αss) 
was fixed at the default value of 0.03, recommended by the U.S. EPA VI 
Guidance [54].

To assess the mitigation efficacy of the different configurations, the 
modeled attenuation factors were compared with the maximum soil 
attenuation factor (αsat) that ensures acceptable risk levels for residents 
in the case of vapor source concentration at saturation. Specifically, αsat 
was estimated as the ratio between the Vapor Intrusion Screening Level, 
VISL (g/m3), reported by U.S. EPA [55] and the maximum vapor con
centration at saturation conditions, csat.vap (g/m3): 

αsat =
VISL

csat.vap ⋅αss
(9) 

csat.vap (g/m3) can be estimated as follows and represents the maximum 
concentration available in the vapor phase for a specific compound [56]: 

csat.vap = S⋅H (10) 

where S (mg/L) is the water solubility of a specific contaminant, and H is 
the dimensionless Henry’s constant.

Furthermore, the minimum soil attenuation factor (αmin) required to 
ensure acceptable risk levels in the case of a groundwater concentration 
equal to the Maximum Contaminant Level, MCL (mg/L), for a specific 
compound [57], was calculated as follows: 

αMCL =
VISL

MCL⋅H⋅αss
(11) 

Therefore, αmax represents the worst scenario for vapor intrusion, 
thus the upper limit value to ensure with the mitigation technique. 
Conversely, αMCL represents the attenuation to achieve for low 
contamination scenarios when the concentration in the source is equal 
to the MCL. Table 2 reports the calculated αsat and αMCL for different 
chlorinated contaminants frequently detected at contaminated sites 
[58].

3. Results and discussion

3.1. Model validation

The results of the developed numerical model were preliminarily 
compared with the output of different studies present in the literature 

regarding HPRBs development by modeling or experiments [21,33,36].
First, the output of the developed numerical model was compared 

with that of an existing 2-D transient analytical model developed by 
Wang et al. [36] for HPRBs. Following the setup adopted in that study, 
the simulation domain included two layers above the contamination 
source: a sandy soil layer (2.5 m wide and 1.8 m deep) overlain by a 30 
cm thick HPRB extending to the ground surface. A Gaussian function 
was used to describe the distribution of TCE in groundwater, and the 
HPRB was modeled assuming a degradation rate constant of 0.14 s− 1. 
The comparison was carried out at 5 years, corresponding to steady-state 
conditions, by analyzing the normalized concentration profile (c/csource) 
as a function of the vertical height (z) at two different vertical soil sec
tions (x = 0 m and x = 2 m). Fig. 2a shows the analytical results from 
Wang et al. [36] as indicators and the numerical results from this study 
as continuous lines. The same input parameters were used in both 
models (see Table 1). The comparison demonstrates a strong agreement 
between the models, with a high correlation coefficient (R² = 0.99).

Then, the results of the developed model were compared with the 
output of the 1-D steady-state analytical solution reported by Zingaretti 
et al. [21] for describing the attenuation expected in an HPRB as a 
function of the first-order degradation kinetics. The developed model 
was adapted to the conditions assumed by Zingaretti et al. [21], i.e., 
simulating an HPRB with different thicknesses in the range 0.25–1 m, 
with a porosity (θe,HPRB) of 0.5 and an air filled porosity (θa,HPRB) of 0.15. 
To derive the analytical solution, Zingaretti et al. [21] imposed a fixed 
initial concentration entering the barrier and a no flux boundary con
dition at an infinite distance from the end of the HPRB. To replicate the 
latter condition in the developed numerical model, a layer of 100 m was 
built in the geometry to impose the no flux boundary condition. Fig. 2b
shows the analytical results from Zingaretti et al. [21] as indicators and 
the numerical results from this study as continuous lines, showing 
excellent correlation in all the simulated scenarios (R² = 0.99).

Finally, the results of the developed model were compared with the 
experimental data obtained by Settimi et al. [33] who performed TCE 
vapor degradation column tests using a reactive layer made of sulfidated 
ZVI-Ni bimetal Such results are reported in Fig. 2c as indicators of the 
average concentration values detected at different test times, ranging 
from 4 to 25 d, in which steady-state conditions were achieved [33], 
with error bars indicating the standard deviation among the values 
obtained in time. Also in this case, the numerical model was adapted to 
match the experimental conditions applied by Settimi et al. [33] by 
creating a geometry in the model builder that replicated the column 
setup, constituted by a 10 cm glass beads/sand layer, a 5 cm of HPRB 
and a final 10 cm of glass beads. The effective porosity and diffusion 
coefficient in the porous media were the same reported in Table 1 and 
the degradation constant relative to the sulfidated ZVI-Ni bimetal was 
posed equal to 0.6 d− 1, i.e., derived from the column experiments con
ducted by Settimi et al. [33]. Boundary conditions were defined by 
imposing a fixed concentration entering the first glass beads layer (z = 0) 
and a concentration equal to zero outgoing the column (z = 30 cm). 

Table 2 
Parameters selected for evaluating the minimum and maximum soil attenuation factors using the U.S. EPA limit values for MCL [57] and VISL [55] for different 
chlorinated compounds. (-) was reported when no attenuation was required (α>1).

Compound S (mg/L) H (-) csat,vap (g/m3) MCL (mg/L) VISL (g/m3) αMCL (-) αsat (-)

1,2-Dichloroethane 8600 0.048 415 0.005 1.08⋅10− 7 1.49⋅10− 2 8.68⋅10− 9

1,1,1-Trichloroethane 1290 0.703 907 0.2 5.21⋅10− 4 1.23⋅10− 1 1.91⋅10− 5

1,1,2-Trichloroethane 4590 0.034 155 0.005 1.75⋅10− 7 3.46⋅10− 2 3.77⋅10− 8

Vinyl Chloride 8800 1.100 9680 0.002 1.68⋅10− 7 2.55⋅10− 3 5.79⋅10− 10

1,1-Dichloroethylene 2420 1.067 2582 0.007 4.13⋅10− 7 1.84⋅10− 3 5.33⋅10− 9

cis-1,2-Dichloroethylene 6410 0.167 1069 0.07 4.17⋅10− 6 1.19⋅10− 2 1.30⋅10− 7

Trichloroethylene 1280 0.403 515 0.005 4.78⋅10− 7 7.91⋅10− 3 3.09⋅10− 8

Tetrachloroethylene 206 0.724 149 0.005 1.08⋅10− 5 9.95⋅10− 2 2.42⋅10− 6

Carbon tetrachloride 793 1.128 895 0.005 4.68⋅10− 7 2.77⋅10− 3 1.74⋅10− 8

Dichloromethane 13000 0.133 1727 0.005 6.26⋅10− 5 – 1.21⋅10− 6

Chlorobenzene 498 0.127 63 0.1 5.21⋅10− 6 1.37⋅10− 2 2.74⋅10− 6
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Fig. 2c reports the output of the developed numerical model as contin
uous line, showing good correlation with the experimental results (R² =
0.99).

The comparison between the output of the developed numerical 
model and the different modeling and experimental results supports the 
validity of the numerical solution developed in this work.

3.2. Role of lateral bypass of vapors beyond the barrier

Fig. 3 shows an example of the 2-D distribution of the normalized soil 
gas concentration (c/csource) and the corresponding soil attenuation 
factor (αsoil) and source-to-indoor attenuation factor (α) obtained for 
each HPRB configuration simulated with the numerical model. Namely, 
these results refer to the case where the degradation rate constant (k) in 

the HPRB was assumed equal to 1 d− 1 and the barrier thickness (dHPRB) 
to 50 cm. For Configurations 1, 3, and 4, the ratio LHPRB/Lb was set to 1.5 
while for Configuration 2, the combined width of the HPRB and HDPE 
liner relative to the building, (LHPRB+LHDPE)/Lb, was set to 3. The other 
input parameters are reported in Table 1.

It can be observed from Fig. 3 that lateral bypass of vapors beyond 
the barrier is a critical issue in Configurations 1 and 2. In Configuration 1 
(Fig. 3a), the sole presence of a horizontal reactive layer is not effective 
to mitigate vapors, as lateral diffusion of vapors in the soil beyond the 
barrier is dominant. In this configuration, indeed, the estimated value of 
the soil attenuation factor under the foundations was approximately 
10− 2 that is ineffective for many contaminants reported in Table 2. For 
instance, for a groundwater contaminated by Vinyl Chloride, 1,1- 
Dichloroethylene or Trichloroethylene the soil attenuation factors that 

Fig. 2. Comparison between the output of the numerical model developed in this work (continuous lines) and the results of different studies: (a) Analytical model 
[36] (indicators) in terms of normalized concentration as a function of the vertical height from the source, (b) Analytical model [21] (indicators) in terms of 
first-order degradation constant in the vapor phase as a function of normalized concentration, (c) experimental data derived from column tests conducted in the time 
range of 4–25 d [33] (indicators) in terms of column height.

Fig. 3. Normalized soil gas concentrations (c/csource) for each HPRB configuration. In each subfigure the soil attenuation factor (αsoil) and source-to-indoor atten
uation factor (α) are also shown. In these simulations the degradation constant (k) in the HPRB was set equal to 1 d− 1 and the barrier thickness (dHPRB) equal to 50 
cm. For Configurations 1, 3, and 4, the ratio LHPRB/Lb was set to 1.5 while for Configuration 2, the combined length of the HPRB and HDPE liner relative to the 
building (LHPRB+LHDPE)/Lb was set to 3.
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ensure acceptable risks in the case of contamination equal to MCL (αMCL) 
must be in the order of 10− 3 (see Table 2). It is worth noting that Wang 
et al. [36], who modeled an infinitely wide horizontal barrier and 
neglected lateral bypass, reported attenuation factors of 10− 8 for a 50 
cm thick layer. Thus, this comparison highlights the importance of ac
counting for the barrier width to accurately estimate the expected 
attenuation factor.

Configuration 2 (Fig. 3b), which includes an HDPE horizontal liner, 
increases the lateral diffusion length of vapors beyond the barriers 
leading to soil attenuation factors below the buildings foundations in the 
order of 10− 4 that make this option feasible in the case low- 
contamination scenarios (i.e., slightly above MCL). Conversely, Con
figurations 3 and 4 (Fig. 3c and Fig. 3d) which incorporate a vertical 
reactive layer, achieve much greater mitigation (αsoil ≈ 10− 8), compa
rable to the idealized scenario of infinitely wide barrier simulated in 
Wang et al. [36], and demonstrate the effectiveness of including vertical 
components in HPRB design.

3.3. Nomographs for HPRB design

To assess the applicability of each HPRB configuration, a series of 
simulations were performed exploring different HPRB geometries (in 
terms of lateral extent and thickness) and reactive materials (charac
terized by different degradation rate constants). Fig. 4 summarizes the 
resulting soil attenuation factors beneath the foundations, reported as a 
function of these parameters. The baseline soil attenuation factor 
without any barrier is also shown for comparison.

For Configurations 1 and 2 (Fig. 4a and Fig. 4b), which include only 
horizontal layers, the analysis focused on the lateral extent of the barrier 
to assess its role in limiting vapor lateral bypass. In Configurations 3 and 
4 (Fig. 4c and Fig. 4d), which also include vertical layers surrounding 
the building, the lateral extent was fixed (LHPRB/Lb = 1.5), and the in
fluence of barrier thickness was evaluated. The other input parameters 
are reported in Table 1.

In Fig. 4a (Configuration 1), where only a horizontal reactive layer is 
placed beneath the building, results show that the attenuation factor is 

Fig. 4. Soil attenuation factors beneath the foundations as a function of the investigated design parameters for different degradation rate constants (0.1–10 d− 1). The 
baseline soil attenuation factor without any barrier is also shown for comparison. Subfigures (a) and (b) correspond to Configurations 1 and 2, respectively, where the 
variation in the soil attenuation factor was analyzed by changing the ratio between the barrier and crawlspace widths (LHPRB/Lb in Configuration 1 and 
(LHPRB+LHDPE)/Lb in Configuration 2). Subfigures (c) and (d) illustrate Configurations 3 and 4, respectively, where the analysis focused on the effects of HPRB 
thickness (dHPRB).
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mainly controlled by the LHPRB/Lb ratio, with negligible impact from the 
degradation constant. Even with large lateral extents, attenuation re
mains low (in the order of 10− 2), indicating poor effectiveness in 
reducing vapor intrusion and limiting this design to sites with very low 
contamination levels (see Table 2).

Fig. 4b (Configuration 2) explores the combined lateral extent of the 
reactive and HDPE liner. Here, the degradation kinetics have a stronger 
influence, but as degradation rate increases, attenuation is again driven 
primarily by lateral extension. Higher attenuation (10− 6 to 10− 4) can be 
achieved with sufficient barrier length, making this configuration suit
able for higher contamination levels. However, practical implementation 
may be constrained by the need for substantial subsurface coverage. For 
example, achieving a soil attenuation factor of 10− 6 may require a com
bined barrier width of 50 m for a building footprint of 10 m (assuming 
(LHPRB + LHDPE)/Lb = 5), which could be challenging to install.

Fig. 4c and Fig. 4d (Configurations 3 and 4) present scenarios with 
vertical layers surrounding the building, combined with an HPRB. In 
these cases, lateral extension plays a minor role, and the focus shifts to 
the effects of barrier thickness and reactivity. Both parameters signifi
cantly influence the attenuation factor, which can vary by orders of 
magnitude depending on the degradation constant. These configurations 
yield high attenuation (10− 10 to 10− 6), making them suitable for sites 
with elevated contamination (see Table 2). Moreover, their imple
mentation may be more practical due to reduced excavation needs and 
the absence of extensive horizontal HDPE liners, making them prom
ising solutions for chlorinated vapor mitigation.

It should be highlighted that the installation of both horizontal and 
vertical barriers near existing buildings may present technical chal
lenges. In particular, soil excavation and the placement of reactive 
materials must be carried out with great care to avoid any risk of 
structural destabilization. In contrast, when the proposed technique is 
applied in the context of brownfield redevelopment projects (e.g., for 
new residential areas), potential issues such as soil subsidence and im
pacts on future foundations can be more accurately monitored and 
managed.

3.4. Influence of barrier thickness

Designing a VI mitigation system based on Configurations 3 and 4 
allows for a broad range of achievable soil attenuation factors. As shown 
in Fig. 4c and Fig. 4d, both configurations ensure significantly higher 
performance compared to those relying only on horizontal layers 
(Fig. 4a and Fig. 4b). Between the two, Configuration 3, featuring a 
vertical reactive layer, offers the added benefit of allowing vapor to pass 
through rather than accumulate in the subsurface.

With Configuration 3, once the properties of the reactive material, 
particularly the degradation constant and the moisture content, are 
known, the required HPRB thickness can be tailored to meet project- 
specific attenuation targets. Fig. 5 illustrates how barrier thickness in
fluences soil and indoor attenuation factors in the case of a degradation 
constant (k) of 1 d− 1. The normalized soil gas concentration distribution 
(c/csource) is displayed on a logarithmic scale to highlight differences 
across design scenarios.

These results confirm that a wide range of attenuation levels can be 
achieved simply by adjusting the barrier thickness. This trend is 
consistent with previous 2-D modeling studies [36–38], which demon
strated improved performance with increasing barrier thickness. 
Notably, effective soil attenuation (αsoil in the order of 10− 4 to 10− 3) can 
be obtained even with relatively thin barriers (10–20 cm, see Fig. 5a and 
Fig. 5b), comparable to the performance of Configuration 2 with (LHPRB 
+ LHDPE)/Lb = 3 and a 50 cm thick barrier.

Beyond its performance, this design also simplifies installation and 
significantly reduces the quantity of reactive material required, leading 
to lower construction and maintenance costs. Additionally, as shown in 
Fig. 5c and Fig. 5d, this configuration is capable of reaching high 
attenuation, meeting the upper limit of attenuation factors required in 
the case of saturation conditions in the source zone (i.e., αsat values re
ported in Table 2).

Fig. 5. Normalized soil gas concentrations (c/csource) for for varying barrier thicknesses in Configuration 3 (HPRB + PRB). In each subfigure the soil attenuation 
factor (αsoil) and source-to-indoor attenuation factor (α) are also shown. In these simulations the degradation constant (k) in the HPRB was set equal to 1 d− 1.
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3.5. Influence of subsurface conditions

A sensitivity analysis was carried out to evaluate the influence of 
subsurface conditions on the resulting soil attenuation factor. The 
analysis focused on Configuration 3, identified as the most effective and 
practical approach for vapor intrusion mitigation. Specifically, the ef
fects of groundwater table depth (Hgw) and soil texture within the un
saturated zone were examined (Fig. 6). Simulations were conducted 
assuming a degradation rate constant of 1 d− 1 and an HPRB thickness of 
50 cm.

Fig. 6a presents the variation in the soil attenuation factor with 
groundwater depths ranging from 3 to 10 m A decreasing trend in the 
attenuation factor (i.e., increased attenuation performance) is observed 
with increasing groundwater depth, attributed to the greater separation 
between the vapor source and the building. Notably, for lower depths of 
3 and 5 m, attenuation values remain nearly constant, indicating the 
robustness of Configuration 3 even under more challenging shallow 
contamination scenarios.

Soil type can influence the vertical moisture profile above the water 
table, consequently affecting vapor diffusion in the unsaturated zone 
beneath the reactive barrier. To assess how soil characteristics might 
impact the results previously obtained for sandy soil, simulations were 
conducted for Configuration 3 assuming four different soil types (sand, 
loam, silt, and clay). For each soil, vertical moisture profiles were esti
mated using the Van Genuchten empirical parameters and soil proper
ties reported by U.S. EPA [43]. The results of these simulations, 
expressed as attenuation factors within the soil, are shown in Fig. 6b. It 
can be noticed that the expected attenuation factors beneath the foun
dations in the presence of a reactive barrier are only minimally affected 
by the type of natural soil present. Slightly higher attenuation factors are 
expected for less permeable soils (e.g., clay), where, as demonstrated in 
previous studies (e. g., [50,59]), vapor fluxes in the subsurface tend to be 
lower due to reduced diffusion, leading to greater accumulation 
compared to more permeable soils (e.g., sand).

Similar outcomes were found by Wang et al. [36], which observed 
better performances of the HPRB by increasing the source depth and 
overall negligible influence of the soil type by changing its effective 
diffusivity.

4. Conclusions

The results of the developed numerical model demonstrate that only 

a horizontal barrier composed of reactive material (Configuration 1) is 
insufficient to ensure adequate vapor attenuation at sites with contam
inant concentrations exceeding regulatory limits, primarily due to 
lateral bypass of vapors. Even when using highly reactive filling mate
rials, this configuration achieves attenuation factors in the order of 10− 3, 
which may be acceptable solely for sites with contamination levels in 
groundwater slightly above the Maximum Contaminant Levels (MCLs). 
The addition of a horizontal HDPE liner (Configuration 2) enhances 
performance by reducing the lateral bypass effect. However, this 
improvement requires extensive HDPE coverage beneath the building 
footprint to guarantee elevated attenuation levels, resulting in sub
stantial excavation volumes and technical implementation challenges. 
These outcomes suggest that its application is more suitable for low or 
moderate contamination scenarios, offering a balanced solution in terms 
of both cost-efficiency and mitigation performance.

Configurations combining a horizontal permeable reactive barrier 
with a vertical reactive layer (Configuration 3) or a vertical HDPE liner 
(Configuration 4) proved to be the most effective. These configurations 
achieved attenuation factors in the order of 10− 10, even under saturated 
groundwater conditions, thus ensuring acceptable indoor risk across a 
wide range of contamination scenarios. Furthermore, high attenuation 
levels can be reached with reduced material thickness (10–20 cm) and 
moderate reactivity, supporting the cost-effectiveness and technical 
feasibility of these designs, thereby confirming their viability even for 
sites with elevated groundwater contamination levels.

It is worth noting that the results presented in this study were ob
tained under simplified modeling assumptions, such as steady-state 
conditions and homogeneous soil properties, which were adopted to 
estimate the performance of the HPRB system. These assumptions imply 
the exclusion of potentially relevant transient phenomena (e.g., changes 
in saturation due to rainfall events) and subsurface heterogeneity, which 
may influence vapor transport dynamics [18,60,61]. While these sim
plifications are appropriate for the conceptual design stage and for un
derstanding the general system behavior, in the case of complex 
site-specific conditions or for detailed barrier design, the use of more 
advanced numerical models (e.g., 3-D transient models accounting for 
heterogeneity and dynamic boundary conditions) could be recom
mended. Additionally, the integration of pilot-scale on-site experiments 
could further support model validation and enhance confidence in 
performance predictions.

Nevertheless, the results of this study support the general applica
bility of horizontal permeable reactive barriers, particularly when 

Fig. 6. Soil attenuation factor calculated with the numerical model for Configuration 3 (HPRB + PRB) as a function of (a) the groundwater table depth (Hgw) and (b) 
the soil texture. Simulations were conducted assuming a degradation rate constant of 1 d− 1 and an HPRB thickness of 50 cm.
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integrated with vertical layers, as a passive mitigation strategy for 
managing chlorinated vapor intrusion risks.

Nomenclature

Symbol Parameter Unit

a Van Genuchten parameter [L− 1]
c Contaminant vapor concentration [M/ 

L3]
csat.vap Contaminant saturation concentration in the vapor phase [M/ 

L3]
csource Contaminant source vapor concentration [M/ 

L3]
Ds Effective diffusion coefficient in the soil layer [L2/T]
DHPRB Effective diffusion coefficient in the reactive layer [L2/T]
Da Contaminant air diffusion coefficient [L2/T]
Dw Contaminant water diffusion coefficient [L2/T]
dHPRB Reactive layers thickness [L]
dHDPE HDPE liner thickness [L]
dP Foundation walls thickness [L]
H Contaminant dimensionless Henry’s constant [-]
Hb Building foundations depth from the ground surface [L]
Hgw Groundwater depth from ground surface [L]
HHDPE Vertical HDPE liner depth [L]
HPRB Vertical reactive layer depth [L]
k Degradation constant in the vapor phase [T− 1]
k1 First-order kinetic degradation constant in the water phase [T− 1]
LHDPE Horizontal HDPE liner width [L]
LHPRB Horizontal reactive layer width [L]
Lb Building width [L]
Ls Soil layer width [L]
m Van Genuchten parameter [-]
n Van Genuchten parameter [-]
MCL Maximum Contaminant Level [M/ 

L3]
S Contaminant solubility in water [M/ 

L3]
VISL Vapor Intrusion Screening Level [M/ 

L3]
α Source-to-indoor attenuation factor [-]
αMCL Attenuation factor imposing a source concentration equal to 

the MCL
[-]

αsat Attenuation factor imposing a source concentration equal to 
the saturation

[-]

αsoil Soil attenuation factor [-]
αss Attenuation factor in the foundations [-]
θa Layer volumetric gas content [-]
θe Layer effective porosity [-]
θr Layer residual water content [-]
θs Layer saturated water content [-]
θw Layer volumetric water content [-]
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