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Abstract 1 

Removal of contaminants from groundwater using permeable 2 

reactive barriers (PRB) is a cost-effective and popular engineering 3 

solution practiced throughout the world. Dissolved pollutants in 4 

groundwater are removed through geochemical processes which 5 

make PRBs effective for different types of contaminants. In 6 

achieving this, it is vital to determine the optimum width of the 7 

PRB to allow adequate residence time within the barrier and to 8 

establish its longevity. For this purpose, both field monitoring and 9 

geochemical modelling were conducted for a trial PRB located in 10 

the Shoalhaven Floodplain, South of Wollongong city in Australia. 11 

In this study, the optimum PRB width is evaluated numerically, 12 

based on the neutralisation effectiveness, i.e. when acidic 13 

groundwater travels through the alkaline PRB. A model developed 14 

previously has been extended considering the residence time, 15 

reaction kinetics, mineral precipitation induced reduction in 16 

porosity and hydraulic conductivity, the influent concentrations of 17 

the contaminants, and the groundwater flow velocity. The 18 

longevity of the PRB is determined with respect to the 19 
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groundwater flow rates and the amount of reactive material 20 

consumed. 21 

Key words: Optimum width, permeable reactive barrier, acid sulfate soil. 22 

23 
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Introduction 24 

Permeable reactive barriers (PRB) have been recognised as versatile and 25 

promising engineering technology to treat contaminants dissolved in 26 

groundwater. Their increased popularity has been demonstrated in the 27 

remediation of contaminants, applied to acid mine drainage (Waybrant et al. 28 

2002), and the removal of chlorinated organic compounds (Gillham and 29 

O'Hannesin 1994), and the removal of industrial waste (volatile organic 30 

compounds) (Vogan et al. 1999), as well as chromate, heavy metals and 31 

radionuclides (Ludwig et al. 2002). The remediation or neutralisation process 32 

occurs mainly through physical, chemical and/or biological means associated 33 

with mineral precipitation, sorption, and oxidation/reduction of ions (Rumer 34 

and Ryan 1995). There are some limitations associated with PRBs. The 35 

treatment zone of PRBs is restricted to shallow plumes, hence extending 36 

them for deep aquifers can be costly (Lehr 2004). Another drawback of PRBs 37 

is the potential clogging due to chemical and biological precipitates which 38 

may require timely maintenance or partial replacement of the reactive 39 

material. Zero valent iron (ZVI) PRBs used worldwide have endured clogging 40 

due to secondary mineral precipitation (Blowes et al. 2000, Li and Benson 41 

2005). Moreover, the short-term capital cost for PRB construction and 42 

installation can be higher than that of pump-and-treat type approach (Lehr 43 

2004).   44 

 45 
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The size of the PRB governs the residence time (i.e. time that the water is in 46 

contact with the reactive materials), which affects its longevity (Gavaskar et 47 

al. 1998). Nardo et al. (2010) presents a numerical methodology to an 48 

activated carbon PRB for the remediation of a tetrachloroethylene polluted 49 

aquifer, where the optimum width and position of the PRB was estimated 50 

considering groundwater flow velocities and first order reaction kinetics. 51 

Longevity of the PRB depends mainly on its chemical characteristics, which 52 

depend on the size of the PRB, including the total mass of reactive media 53 

and the rate of reactions (Blowes et al. 2000). Furthermore, it is important to 54 

consider the groundwater flow velocity through the barrier, and its porosity 55 

and hydraulic conductivity prior to construction. These hydraulic properties 56 

allow sufficient pore space for secondary minerals to precipitate and 57 

minimise the total clogging of the PRB (Gavaskar 1999). 58 

 59 

Different types of alkaline materials have been used in PRBs for acidic 60 

groundwater remediation. Blowes et al. (2003) used organic carbon-rich 61 

materials such as wood chips, municipal compost and paper mill pulp to treat 62 

acidic groundwater generated from acid mine drainage (AMD). In this PRB, 63 

extensive precipitation of metal sulfides and bacterial residue hindered the 64 

reactivity of organic carbon-rich material (Blowes et al. 2003). Another AMD 65 

problem was maintained through a PRB consisting of limestone chips, 66 

compost, cattle slurry and pea gravel (Amos and Younger 2003), where the 67 

alkalinity generated from these materials was able to neutralise the acidity. 68 
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The performance of a limestone and red mud mixed PRB was discussed by 69 

Komnitsas et al. (2004) to treat AMD and toxic metals, whereby the 70 

neutralisation occurred through precipitation of heavy metals and sorption, as 71 

well as a reduction in longevity (Komnitsas et al. 2004). 72 

 73 

This paper describes the determination of optimum width and longevity of a 74 

PRB in order to remediate the acidic groundwater generated at acid sulfate 75 

soil terrains in the Shoalhaven Floodplain. For this purpose, the original 76 

geochemical algorithm and groundwater flow model presented earlier by 77 

Indraratna et al. (2014) had to be extended, whereby MODFLOW and RT3D 78 

finite difference codes were employed as the numerical tools. 79 

Theoretical Considerations and Background 80 

The most important aspect when designing a PRB is that the residence time 81 

of the contaminated groundwater, should be long enough for the reaction 82 

process to occur. There have been several past studies carried out to 83 

optimise the barrier thickness or the width, in order to obtain the maximum 84 

usage of a PRB configuration. Elder et al. (2002) calculated the required 85 

thickness using a one-dimensional plug-flow model with first order reactions 86 

as given by: 87 








−
=

in

e

r
des C

C
nk

Kib ln          (1) 88 
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where,  bdes is the design thickness of the PRB taken by applying a safety 89 

factor (SF), K is the hydraulic conductivity of the PRB, i is the hydraulic 90 

gradient, kr is the first-order reaction rate constant, n is the porosity, Ce is the 91 

effluent concentration of the contaminant from the PRB and Cin is the influent 92 

contaminant concentration. 93 

 94 

Considering the time-dependent performance of a PRB with respect to 95 

mineral fouling on reactive surfaces, as well as seasonal changes in the 96 

hydraulic gradient and direction of flow, Elder et al. (2002) used a SF of two. 97 

Hemsi and Shackelford (2006) discuss the SF associated with variable flow 98 

and aquifer heterogeneity in more detail. However, to account for the 99 

heterogeneity and/or anisotropy of some PRB materials, a SF as large as six 100 

has also been recommended (Eykholt 1997), thus, 101 

caldes bbSF =           (2) 102 

Fronczyk and Garbulewski (2010) computed the thickness of a PRB (bcal) 103 

comprised of zeolite-sand mixture, using the following equation:  104 

R
vtb aPRB

cal =          (3) 105 

where, bcal is the calculated PRB thickness, va is the groundwater velocity, 106 

tPRB is the working time and R is the retardation factor.  107 

 108 

Fronczyk and Garbulewski (2010) introduced a critical hydraulic conductivity 109 

(kcr), which was defined as the hydraulic conductivity of the aquifer (ks = kg) = 110 
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kcr, where ks and kg were the hydraulic conductivities of the reactive medium 111 

and the aquifer, respectively. 112 

 113 

Based on solid waste landfill pollution by tetrachloroethylene (PCE), Nardo et 114 

al. (2010) suggested that the optimum width of a PRB (bopt) can be estimated 115 

using the following inequality: 116 

( ) 1−〉 ak
u
b

c
b

opt
         (4) 117 

where, ub is the groundwater velocity inside the barrier, kc is the total mass 118 

transfer coefficient for adsorption, and a is the external specific surface of the 119 

absorbent particles. 120 

 121 

None of the above methods incorporated the effect of actual change in 122 

porosity and hydraulic conductivity due to the chemical reactions, when 123 

calculating the optimum width of a PRB. Therefore, it is imperative to develop 124 

a model which couples the groundwater flow, chemical reactions and 125 

associated reductions in porosity and hydraulic conductivity to accurately 126 

predict the optimum PRB width.   127 

 128 

Proposed Numerical Methodology 129 

There are mainly two contaminants, i.e. dissolved aluminium (Al3+) and iron 130 

(Fe2+ and Fe3+) associated with acidic groundwater generated within a typical 131 
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Australian acid sulfate soil terrain that contains a shallow layer of pyrite 132 

which oxidises in the presence of moisture to produce sulfuric acid. Acidic 133 

groundwater leaches out aluminium and iron from the soil into soluble ionic 134 

form. Al3+ is very toxic to fish and other aquatic species. Acid attacks on steel 135 

and concrete infrastructure, as well as unfavourable implications on 136 

aquaculture are well known (Indraratna et al. 2005). For instance, aluminium 137 

and iron deposit on the gills of fish causing fatalities (Dent and Pons 1995). 138 

The effects of other metals (Na+, K+, Mg+) are not significant (Indraratna et al. 139 

2014) when compared to the adverse effects attributed to high 140 

concentrations of aluminium and iron (Banasiak et al. 2014). In the current 141 

study, a PRB consisting of recycled concrete aggregates was installed at a 142 

local paddock in the Shoalhaven Floodplain about 65 km South of 143 

Wollongong City, Australia. One of the main factors influencing the optimum 144 

width of this PRB was the precipitation of aluminium and iron 145 

oxides/hydroxides (secondary minerals), and the corresponding chemical 146 

and geo-hydraulic characteristics of the groundwater flow. Indraratna et al. 147 

(2014) proposed a coupled hydro-geochemical model to simulate the 148 

transport of contaminants through the PRB, capturing the change in porosity 149 

(n) and hydraulic conductivity (K) due to mineral precipitation. Commercially 150 

available finite different codes MODFLOW and RT3D were used for this 151 

numerical analysis. 152 

 153 
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The reaction kinetics for precipitation of secondary minerals were calculated 154 

using the Transition State theory (Eqn. 5). 155 











−−=

eq
r k

IAPkr 1                           (5) 156 

( ) ( )eqkIAPSI loglog −=                (6) 157 

where, r is the reaction rate, kr is the effective rate coefficient, IAP is the ion 158 

activity product, keq is the equilibrium solubility constant and SI is the 159 

saturation index. SIs can be calculated using PHREEQC software given the 160 

influent conditions. PHREEQC is a computer program for speciation, batch-161 

reaction, one-dimensional transport and inverse geochemical calculations.  162 

For standalone clarity, the details of the geochemical algorithm previously 163 

discussed by Indraratna et al. (2014), which shows the relationship between 164 

the reaction rate for a substance (r) and the overall reaction rate for a 165 

specific ion (R), are given in the Appendix. It shows all the chemical 166 

reactions associated with secondary mineral precipitation for aluminium and 167 

iron in their forms of oxides and hydroxides. 168 

 169 

As MODFLOW does not automatically change the porosity and hydraulic 170 

conductivity due to secondary mineral precipitation, it was vital to update 171 

these values at each time step as captured in Eqns. 7 and 8.  172 

kk
k RM
t
=

∂
∂φ

                  (7)
 173 

10 
 



 
 

∑
=

−=
mN

k
kkt tRMnn

1
0                  (8) 174 

where, ϕk is the volume fraction of precipitated mineral, Mk is the molar 175 

volume of mineral (m3mol-1) and Rk is the total reaction rate for a particular 176 

substance (molm-3
bulks-1), Nm is the number of minerals and n0 and nt are the 177 

initial porosity and porosity at time t, respectively. 178 

 179 

The normalised Kozeny Carmen equation (Eqn. 9) was then used to 180 

calculate the change in hydraulic conductivity (K) caused by mineral 181 

precipitation, hence, 182 

2
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
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

 ∆−
=

n
nn

n
nnKK tt

     
(9) 183 

where, K0 is the initial hydraulic conductivity and ∆nt is the difference in 184 

porosity  at two consecutive time intervals. 185 

 186 

MODFLOW iteratively calculates the pressure head based on the finite 187 

difference method (FDM) at each time step. For this pilot-scale PRB, the 188 

FDM simulation involved a discretised mesh of 1.2 m x 0.1 m along the 189 

centreline of the PRB with element (square plan area) spacing of 0.1 m 190 

(Figure 1). The piezometer locations at the entrance (P9) and exit (P8) of the 191 

PRB are shown in Figure 1, and the flow along the PRB centreline is 192 

considered as one-dimensional. 193 

 194 
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The pressure head solution (h) for transient groundwater flow in one-195 

dimension is given by Eqn. 10, which was used in MODFLOW to calculate 196 

the initial head (close to P9) at each time step.    197 
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In the above, B is the aquifer thickness, S is the storage co-efficient, µ, C and 199 

D are constants. The parameters α and β are given by: 200 

∑
=

+=
mN

k
kk tRMn

1
0α

 
            (10a) 201 

∑
=

−−=
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k
kk tRMn

1
01β             (10b) 202 

 203 

RT3D solves coupled partial differential equations which describe reactive 204 

flow and transport of multiple species in saturated groundwater systems, as 205 

represented by Eqn. 11. In fact, RT3D has seven pre-programmed reaction 206 

modules plus the capability to accommodate user-defined options, and these 207 

can be used to simulate different types of reactive contaminants for a given 208 

contaminant transport problem. In this study, the user-defined module was 209 

adopted, whereby the specifically developed geochemical algorithm (details 210 

in Appendix) was incorporated through the reaction component (RkMkC) in 211 
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Eqn.11. 212 

CMR
x
Cu

x
CD

t
CR kkbe −

∂
∂

−
∂
∂

=
∂
∂ ][][

2

2

         (11) 213 

where, C is the concentration of the contaminant, Re is the retardation 214 

coefficient, D is the dispersion coefficient. 215 

 216 

As an example, when the numerical simulation was carried out for the first 217 

time step, the resulting head at the PRB exit (near P8) was obtained based 218 

on the Runge-Kutta iteration method. RT3D could then receive the head 219 

solution from MODFLOW as input, and the groundwater flow velocity (ub) 220 

was subsequently calculated using Eqn. 12 for that particular time step, thus,  221 

x
h

n
Kub ∂
∂

−=           (12) 222 

Subsequently, both MODFLOW and RT3D were run in conjunction to 223 

determine the contaminant transport characteristics of the selected species 224 

at each time step.  225 

 226 

For the next time step a new value of Rk is determined from Eqns. 5 and 6, 227 

following the same geochemical algorithm (Appendix) and the RT3D output 228 

concentrations obtained from the previous time step. Subsequently, the 229 

corresponding porosity and hydraulic conductivity for the next time step are 230 

calculated using Eqns. 8 and 9, respectively. Using Eqn. 10, the initial head 231 

for the next time step is then calculated and incorporated in MODFLOW to 232 

13 
 



 
 

obtain the corresponding ub as an input to RT3D. The above procedure was 233 

repeated in RT3D for consecutive time steps. 234 

 235 

The iterative simulation carried out to determine the optimum width of PRB is 236 

illustrated in the flowchart shown in Figure 2. MODFLOW simulation was 237 

carried out after feeding the input data including K, n, h (initial hydraulic head 238 

from Eqn. 10). The next step was the RT3D simulation to compute the 239 

effluent concentration of the pollutants, Ce (x,t). When Ce is lower than an 240 

acceptable limit (Clim), the computed PRB width is considered to be sufficient, 241 

otherwise it must be increased until Ce < Clim. The values of Clim can be 242 

obtained from the Australian Water Guidelines (Sundaram et al. 2009), 243 

where the specific values of Clim for both Al and Fe were 0.2 mg/L. All the 244 

values for model parameters are listed in Table 1. These values were 245 

obtained for a real-life PRB installed in the Lower Shoalhaven Floodplain, 246 

South of Wollongong, Australia. Therefore, these parameters are directly 247 

linked to the actual field condition. Moreover, the model calibration and 248 

validation for field conditions is elaborated by Indraratna et al. (2014). In fact, 249 

this technical note is an extension of the same project to optimise the width 250 

of the PRB. The field conditions are captured in this paper appropriately. For 251 

instance, a range of possible concentrations for influent Al and Fe existing in 252 

the field are used in this analysis to determine the optimum width of the PRB 253 

(Figure 3). 254 

 255 
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 256 

In the current analysis, the use of Eqns. 5 - 12 enables one to capture the 257 

effect of secondary mineral precipitation for calculating the optimum PRB 258 

width. However, it is also important to consider the influent concentrations 259 

which can fluctuate due to seasonal changes. Therefore, the PRB must be 260 

capable of catering for both extreme concentration peaks while sustaining an 261 

acceptable long-term performance. In view of the above, four possible 262 

concentrations of contaminants were compared as elaborated below. 263 

 264 

Results 265 

Results shown in Figure 3 imply that the optimum width of the PRB to be 266 

0.45 m for a range of influent concentrations varying from 50 to 250 mg/L. A 267 

minimum SF of two has been suggested by Gavaskar (1998) and Nardo et 268 

al. (2010) to account for the inhomogeneity of PRB material across its width. 269 

Accordingly, the design width of PRB, after applying a SF of two would be 270 

0.9 m. The pilot-scale PRB installed at Nowra had a width of 1.2 m (i.e. SF = 271 

2.7), which is conservative for the remediation of acidic groundwater using 272 

recycled concrete aggregates.  273 

 274 

Prediction of Longevity 275 

The longevity of a typical PRB depends mainly on the exhaustion rate of 276 

reactive material and the precipitation rate of secondary minerals. The 277 
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continuous secondary mineral precipitation over time would decrease the 278 

effectiveness of the PRB, because they clog the reactive surfaces of 279 

recycled concrete particles and consequently reduce the acid neutralisation 280 

capacity (ANC). The column experiments carried out by Pathirage (2014) 281 

revealed that the reduction in ANC due to secondary mineral precipitation 282 

was 54%. Moreover, the piezometric heads (m AHD - Australian height 283 

datum) obtained for past six years inside the PRB were generally steady 284 

(Figure 4), which indicate that there is no significant threat of clogging from 285 

the precipitation of secondary minerals. This clearly implies that the only 286 

profound threat for long-term performance of the PRB would be the 287 

exhaustion of reactive material due to acid neutralisation and armouring of 288 

the reactive surfaces by secondary minerals which reduce the ANC. As this 289 

pilot-scale PRB contained 80 tonnes of recycled concrete attributing to an 290 

ANC of 146 g/kg, at least 11.7 tonnes of acid neutralisation capacity was 291 

expected to be available in this PRB. The groundwater velocity at this field 292 

site typically fluctuates from 0.01-0.1 m/day. Assuming a mean groundwater 293 

flow velocity of 0.05 m/day and considering the initial PRB porosity of 294 

approximately 50% (void ratio close to unity), acid transported through the 295 

PRB was determined to be 4.85 x 105 L/year. The averaged acidity at the 296 

study site from September 2010 to July 2012 was 565 mg/L (equivalent to 297 

CaCO3), with a corresponding consumption of reactive material of 0.274 298 

t/year. Therefore, in order to consume all the capable acid neutralising 299 

material, it would take 42.7 years ignoring the effect of armouring by 300 
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secondary minerals precipitation. When the effect of secondary minerals 301 

precipitation on ANC was incorporated, (i.e. 54%), the estimated longevity of 302 

the PRB would be at least 19.5 years for a mean groundwater velocity of 303 

0.05 m/day. Naturally, the computed longevity would vary according to the 304 

groundwater flow velocity and the respective consumption of reactive 305 

material as plotted in Figure 5. 306 

 307 

Conclusion 308 

MODFLOW and RT3D finite difference codes were used to simulate the 309 

optimum width of a PRB installed at the Shoalhaven Floodplain, located on 310 

the Eastern coast of Australia. In order to satisfy the seasonal changes, the 311 

model was run for four different influent contaminant concentrations until the 312 

inequality, Ce < Clim was satisfied (i.e. when the effluent concentration (Ce) 313 

becomes lower than an acceptable limit value (Clim)). Incorporating a 314 

recommended safety factor of 2, the optimum design width of the PRB was 315 

determined to be 0.9 m based on the numerical simulations. Therefore, the 316 

current pilot-scale PRB having a width of 1.2 m, can be regarded as 317 

conservative for the remediation of acidic groundwater using recycled 318 

concrete aggregates. The predicted longevity of the PRB considering the 319 

effect of armouring due to secondary mineral precipitation was at least 19.5 320 

years for a mean groundwater flow velocity of 0.05 m/day. 321 

 322 
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Appendix: 

Geochemical algorithm for secondary mineral 

precipitation 

Transition state theory was applied to all chemical reactions as given in 

following expressions; 
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The overall reactive kinetics for each species in the algorithm are listed as: 
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Table Captions 
 
Table 1 Parameters and values used in the model 

 
Figure Captions 
 
Figure 1 Discretisation of the centreline of PRB (not to scale) 

Figure 2  Flow chart of the optimum PRB width determination process 

Figure 3  Effluent concentrations vs. PRB width (bopt) for different influent 
concentrations 

 

Figure 4  Groundwater elevations inside the PRB with respect to time 
(P7-P12 are the six piezometers inside the PRB) (after 
Pathirage and Indraratna (2014), (data updated after Regmi 
(2012))) 

 
Figure 5  Longevity of the PRB with respect to groundwater velocity and 

consumption of reactive material 
 

 
Table 1 Parameters and values used in the model 
 
Parameter Value 
kr of Ca2+ (mol/L.s)a 2.27 x 10-7 
kr of Al3+ (mol/L.s)a 6.86 x 10-8 
kr of Total Fe (Fe2+ and Fe3+) (mol/L.s)a 5.87 x 10-8 
Longitudinal dispersivity (m) 0.3 
Retardation coefficient (Re) 1 
Initial porosity (n0) of the PRB  0.5 
Initial hydraulic conductivity (K0) (ms-1) 0.1 
Mean groundwater flow velocity (m/day) 0.05 
a(Indraratna et al. 2014)  
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Figure 1 Discretisation of the centreline of PRB (not to scale) 
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Figure 2 Flow chart of the optimum PRB width determination process 
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Figure 3 Effluent concentrations vs. PRB width (bopt) for different influent 

concentrations 
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Figure 4 Groundwater elevations inside the PRB with respect to time (P7-
P12 are the six piezometers inside the PRB) (after Pathirage and Indraratna 
(2014), (data updated after Regmi (2012))) 
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Figure 5 Longevity of the PRB with respect to groundwater velocity and 
consumption of reactive material 
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