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Abstract
We investigate the performance of vertical hydraulic barriers in combination with extraction wells for the par-

tial hydraulic isolation of contaminated aquifer areas. The potential advantage of such combinations compared to
a conventional pump-and-treat system has already been demonstrated in a previous study. Here we extend the
scope of the performance analysis to the impact of uncertainty in the regional flow direction as well as to highly
heterogeneous aquifer transmissivity distributions. In addition, two new well-barrier scenarios are proposed and
analyzed. The hydraulic efficiency of the scenarios is rated based on the expected (mean) reduction of the pump-
ing rate that is required to achieve downgradient contaminant capture. The uncertain spatial distribution of aquifer
transmissivity is considered by means of unconditioned Monte Carlo simulations. The significance of uncertain
background flow conditions is incorporated by computing minimized pumping rates for deviations of the regional
flow direction up to 30� from a normative base case. The results give an answer on how pumping rates have to be
changed for each barrier-well combination in order to achieve robust systems. It is exposed that in comparison to
installing exclusively wells, the barrier-supported approach generally yields savings in the (average) pumping rate.
The particular efficiency is shown to be highly dependent on the interaction of variance and integral scale of
transmissivity distribution, well and barrier position, as well as direction of background flow.

Introduction
Once penetrated into an aquifer, pollutants such as

organic chemicals can stay for decades as sources for con-
taminant plumes in ground water. This is especially true
for sites that are contaminated with dense non–aqueous
phase liquids (DNAPLs), which form a separate phase in
the subsurface posing a big challenge to planners and deci-
sion makers. So far, even aggressive remediation technol-
ogies failed to achieve total clean up at these sites. The
U.S. EPA (2003) reports that ‘‘there is no documented,
peer-reviewed case study of DNAPL source-zone

depletion beneath the water table where U.S. drinking
water standards or MCLs (maximum contaminant levels)
have been achieved and sustained throughout the affected
subsurface volume, regardless of the in-situ technology
applied.’’ Therefore, in most cases, long-term control mea-
sures are required that ensure that contaminants do not
migrate off-site. Since sites where natural attenuation pro-
cesses are effective enough to meet the remedial objective
are rather the exception than the rule, in most cases, en-
gineered measures are required to guarantee appropriate
control of the contaminants in ground water, i.e., to pre-
vent damage to the adjacent environment.

A common approach is to hydraulically isolate the
contamination. This can be achieved by several different
technologies. Most common are extraction wells positioned
inside or downgradient of a contamination. By continuous
pumping, capture zones are created covering the contained
aquifer. The extracted ground water usually has to be
cleaned up, entailing high operational costs for pumping
and treatment. Obviously, this is of major economic con-
cern if the pump-and-treat system (PT) is intended to pro-
vide long-term control and needs to be operated for years
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or even decades. Another option is in situ treatment by
completely passive systems such as permeable barriers or
biocurtains, with higher installation but expectably lower
operational costs (Powell et al. 2002). Practical or
economic considerations may militate in favor of hybrid
approaches representing combinations of different technol-
ogies. As an alternative to using exclusively pumping wells,
among others, Cunningham and Reinhard (2002) discuss
hydraulic control by the use of injection-extraction treat-
ment well pairs. They examine their technology with
respect to hydraulic efficiency and operating and mainte-
nance costs and discuss situations where this is preferable
over a completely passive system. Bayer et al. (2001,
2003a, 2003b, 2004, 2005) go a similar way for the com-
bination of pumping wells with vertical hydraulic barriers
such as sheet piles or slurry walls. It is revealed that de-
pending on the position of a barrier and economic and
physicochemical boundary conditions, these combined PT
involving barriers (barrier-supported pump-and-treat sys-
tems [BPT]) can be advantageous. Barriers can significantly
reduce the pumping rate of extraction wells required to cap-
ture the contamination in an aquifer, with highest benefits at
high flow rates, high treatment costs, and relatively low bar-
rier installation costs. The perspective of this technology is
not to accelerate clean up but to hydraulically control criti-
cal aquifer zones over a long time period. It is obvious that
changes in flow regime and contaminant mass transfer rates
into the passing ground water affect the cleanup progress.
However, it is assumed that, similar to the application of
permeable barriers, short-term remediation is either not
possible or merely not planned. Bayer et al. (2005) dem-
onstrate that solely from an economical point of view, due
to commonly expectable interest returns, the influence of
the operation time on net present expenditures is only
marginal for measures planned over decades.

The presented study is the sequel to a preceding
paper (Bayer et al. 2004) that dissects the hydraulic char-
acteristics of a number of BPT scenarios assuming homo-
geneous and moderately heterogeneous transmissivity
distribution. Here, we extend the number of these scenar-
ios characterized by the relative position of the contami-
nated source and vertical barrier(s). Furthermore, it is
illustrated how the performance of BPT compared to con-
ventional pump-and-treat systems (CPT) changes at high
heterogeneity levels. For this, unconditional Monte Carlo
simulations are used assuming static ground water flow
conditions. Natural aquifers, however, are dynamic sys-
tems with fluctuations in the flow system. Records of the
ground water surface or the potentiometric head typically
show variations in the regional flow direction, with sea-
sonal changes in hydraulic gradient controlled by shifting
seepage levels in open water bodies, rainfall, or anthropo-
genic activity (e.g., Serfes 1991; Erskine 1991). It is obvi-
ous that gradient variations are particularly important in
determining the overall success of hydraulic measures. So
far, however, the main focus in the research of capture zone
delineation is set on uncertainty in physical aquifer param-
eters such as conductivity and porosity (e.g., Bair et al.
1991; Pranzetti and Guadagnini 1996; Cole and Silliman
1997; van Leeuwen et al. 2000; Zhang and Lu 2004;
Feyen et al. 2004). Zawadzki et al. (2002) show that for

PT design, one should especially account for these gradient
variations when the period of fluctuations in the hydraulic
gradient approaches the travel time of the contaminant.
Jacobson et al. (2002) analyze the form of capture zones
under transient flow and cyclic gradient variations by an
analytic approach. Reilly and Pollock (1996) as well as
Festger and Walter (2002) use forward particle tracking to
estimate the average ratio of particles captured at chang-
ing regional flow direction, which Festger and Walter
(2002) illustrate by capture efficiency maps. In the pre-
sented work, we focus on the relevance, i.e., the hydraulic
effect of deviations in the flow direction from a given
(expected) direction on PT performance. This means that
we do not analyze the transient effect of the gradient fluc-
tuations but consider the envelope of these fluctuations by
using a steady-state approach and by modeling ultimate
capture zones. It is implicitly presumed that a principal
uncertainty exists in the regional flow direction due to
measurement errors or insufficient site data. The purpose
is to derive robust hydraulic control systems, which can
cope with a certain uncertainty in the flow direction.

Methodology

CPT and BPT Scenarios
Equivalent to the approach by Bayer et al. (2004), a

hypothetical base-case model is established with a re-
gional flow direction oriented north-south (NS). As shown
in Figure 1 for CPT, a quadratic contaminated area is con-
sidered that has to be hydraulically captured by a single
pumping well positioned downgradient of the area along
the centerline. The side length of this area is given by w,
and the distance to the downgradient well is x. Cases with
x/w ¼ 0.25, 0.5, 0.75, and 1.0 have been inspected. For
BPT scenarios, hydraulic barriers are added, each of them
characterized by a particular position of the barrier(s) rel-
ative to the contaminated area. In principle, an endless
number of different scenarios could be generated. For the
purpose of this study, as we aim at a general investigation

direction of
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Figure 1. Scheme of CPT with quadratic contamination and
downgradient well (horizontally oriented head contour lines,
perpendicular pathlines).
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of BPT performance, we deliberately limit the range of
scenarios to a set of representative pumping well-wall
combinations. All scenarios are laterally symmetrical,
and barriers are either placed at the edge or center of the
contaminated area (Figure 2). The scenarios with one lin-
ear barrier each positioned upgradient, downgradient, and
in the center of the contaminated zone perpendicular to
the flow of the base case are denoted as ‘‘up,’’ ‘‘down,’’
and ‘‘mid.’’ Scenarios ‘‘updown’’ and ‘‘side’’ signify two-
barrier cases of walls at the fringe of the contaminated
area perpendicular and, respectively, longitudinal to the
regional flow. The ‘‘upside’’ scenario has one wall at the
upgradient edge of the contamination and two at the sides.
The total barrier length for each scenario is denoted as b
and measured in multiples of w. In the subsequent analy-
sis, unless otherwise stated, we focus on selected variants
of the BPT scenarios with fixed barrier lengths as shown in
Figure 2 (scenarios up, down, and mid: b/w ¼ 1, scenar-
ios updown and side: b/w ¼ 2, scenario upside: b/w ¼ 3).

Model Setup and Evaluation Procedure
For the modeling of ground water flow and hydraulic

effects of the CPT and BPT scenarios, we used the USGS
finite-difference model MODFLOW (McDonald and
Harbaugh 1988). Ground water flow is assumed to be
confined and steady state and is described in two di-
mensions. The flow domain is discretized by 3003300
quadratic cells of 1-m side length each. A regional gradi-
ent iregion ¼ 0.001 is imposed by fixed head boundaries
around the model domain. Deviations of the flow direc-
tion from the base case (NS orientation, deviation angle
a ¼ 0�) are considered at 5� steps anticlockwise up to 30�
(deviation angle a ¼ 0� to 30�) by changing the heads at
the model boundaries. A 50- 3 50-m contaminated area
is positioned in the middle of the model with its down-
gradient edge in the center of the model. The capture per-
formance of any particular scenario at given settings of
b/w, x/w and a is evaluated by means of an advective
control approach using the particle-tracking routine
MODPATH (Pollock 1994). To do this, the edge of the
contaminated area is delineated by 200 uniformly distrib-
uted particles. These particles are tracked forward along
the flow lines, recording whether a particle ends up in the
‘‘well cell’’ (specified as distributed sink that captures
particles only if it is representing a strong sink) or not.

The objective is to minimize the pumping rate of the
well based on the assumption that operational costs are
directly correlated to the pumping rate. The minimum
pumping rate is computed iteratively by the bisection
method of Press et al. (1992) using an external solver.
The simulation model was run up to 15 times to obtain
a solution at a relative precision of >99%. An optimized
system captures all particles (entirely contains the con-
taminated area) at a minimum pumping rate. To simplify
matters, it is assumed that no contaminant plume evolved
before the start of the PT measure and thus would have to
be additionally captured.

Both homogeneous and heterogeneous aquifer condi-
tions were examined. A hydraulic transmissivity, T ¼
0.01 m2/s, was used for the homogeneous case and as a
log mean value for the heterogeneous case. For heteroge-
neous aquifer conditions, we further assume that only sta-
tistical properties of the spatial transmissivity distribution
are known. Uncertain knowledge about the transmissivity
field is represented by sets of 500 aquifer realizations ran-
domly produced by unconditional sequential Gaussian
simulation (SGS; Deutsch and Journel 1992). Using SGS,
the anisotropic spatial transmissivity distribution can be
modeled by defining only three parameters. Each set of
500 realizations is characterized by a given variance, rY

2,
of the lognormal distributed isotropic transmissivity, T, its
log mean, and an integral scale, IY, which denotes the
spatial continuity of the probability distribution func-
tion Y. Assuming, in this study, that there is a linear rela-
tionship between calculated pumping rates and log mean
transmissivity, variable parameter combinations of rY

2 and
IY can be defined to cover a broad range of statistically
different spatial transmissivity structures. Like other lin-
ear dimensions, the integral scale is also normalized with
respect to the width, w, of the contaminated area. The
realizations of the presented study are computed with
values of IY/w ¼ 0.25, 0.5, and 1.0 and rY2 ¼ 0.1, 0.5, 1.0,
2.0, 3.0, and 4.5.

Though one of the most common methods, SGS is
only one of many options to stochastically model trans-
missivity distributions of aquifers. There are many alter-
native approaches available including fractal-based models
(Molz et al. 2004) or hydrofacies-oriented simulations
(Carle and Fogg 1996; Maji et al. 2005). Comparative
studies exhibit specific features of geostatistical simula-
tion algorithms (e.g., Gotway and Rutherford 1994;
Gomez-Hernandez and Wen 1998; Zinn and Harvey
2003, Lemke et al. 2004), but as Goovaerts (1999) states,
‘‘it seems unlikely that the entire set of possible outcomes
could be sampled by a single class of algorithms.’’ When
comparing conditioned SGS with alternative approaches,
he comes to the conclusion that SGS is preferable due to
large goodness statistics as well as small local uncer-
tainty. Wen and Gomez-Hernandez (1998) emphasize
the inability of multivariate Gaussian models such as SGS
to simulate continuity of extreme values and instead recom-
mend nonparametric approaches such as sequential indicator
simulation. Since the occurrence of a high-conductivity
channel plays an important role in contaminant transport,
this aspect will be discussed further when looking at the
modeling results.

up down

up down side up side

mid

Figure 2. Relative position of barriers (black lines) for BPT
scenarios to quadratic contamination (gray).
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After creating the transmissivity maps by SGS, sys-
tem optimization, i.e., the minimization of the pumping
rate, was performed individually for each realization. All
minimized pumping rates of each ensemble of 500 real-
izations were then sorted for each setting of CPT and
BPT in order to obtain a cumulative density function
(cdf) of ‘‘success.’’ The cdf depicts the relationship
between pumping rate and the proportion of realizations
for which capture is achieved. If a fixed well position is
considered, the cdf steadily increases with the pumping
rate. We also evaluate realization-specific differences in
Q9 for CPT compared to BPT scenarios. The cdfs of these
differences characterize the probability of savings in re-
quired pumping rate by the use of barriers (cf., Bayer
et al. 2004). Here, a condensed illustration of the results
is presented and mainly average savings are discussed.
However, even if savings can be anticipated on the aver-
age, the question remains, how big is the probability that
barriers lead to a deterioration compared with using wells
exclusively? Therefore, the frequency of realizations with
worse results for BPT scenarios than for CPT is addition-
ally scrutinized.

Please note that minimized pumping rates are ex-
pressed as dimensionless values, Q9. This was done by
normalization of modeled pumping rates Q to the undis-
turbed uniform flow rate through the contaminated area at
homogeneous conditions:

Q0 ¼ Q

Tiregionw
ð1Þ

This way, generally valid results are obtained that
are independent from the actual flow model used. As an
illustration, consider the homogeneous base case: a pump-
ing well positioned centrally at the downgradient edge
without any barriers has to pump twice the undisturbed
flow rate (Q9 ¼ 2) to fully capture the contaminated area.
At a distance of x ¼ w/2, Q9 reduces to 1.38 and at x ¼ w,
to Q9 ¼ 1.21 (Bayer et al. 2003b). At increasing dis-
tances, Q9 asymptotically approximates 1 but can never
go below this value. For heterogeneous aquifers, the pre-
sumed statistics on spatial transmissivity distributions are
expected to reflect those of real sites at the same scale.
For a more detailed discussion on hydrogeologic scaling,
the reader is referred to Schulze-Makuch et al. (1999) and
Neuman and Di Federico (2003). The emphasis of this
generic model study is to inspect the influence of a pre-
determined degree of heterogeneity on BPT compared to
CPT. To obtain general site-unspecific results, uncondi-
tional SGS was used, which does not account for point
measurements given at a real site such as conditional sim-
ulations. It is evident that a more detailed picture of the
transmissivity distribution calls for a site-specific adapta-
tion of hydraulic measures, which is not analyzed further
in this study.

Implications of Previous Findings
In our precursory study (Bayer et al. 2004), the up,

down, updown, and upside scenarios were inspected in
terms of their performance under homogeneous and

moderate heterogeneous flow conditions. No deviations of
the flow direction from the NS orientation were assumed.
For homogeneous aquifers, it was illustrated how ideal
barrier positions change depending on the given total bar-
rier length. Downgradient barriers are preferable if the
barrier length is lower than or equal to the width of the
contaminated area. Increasing the barrier length favors
the updown scenario, and, at b/w close to 3, the upside
scenario leads to the lowest pumping rates. The influ-
ence of heterogeneous transmissivity distributions was in-
spected for a selection of specific BPT scenarios with
fixed barrier lengths b/w (same lengths as illustrated in
Figure 2). Statistical properties of the transmissivity field
were oriented at characteristics of the Borden site (rY

2 �
1.8 and integral scales IY/w between 0.18 and 1.8). It was
shown that the mean and variance of the calculated pump-
ing rates for ensembles of 500 equally probable realiza-
tions increase with both rY

2 and IY/w. In general, absolute
BPT savings also increase and the probability that bar-
riers lead to worse results than CPT was close to zero. It
was further revealed that the pumping rate distributions
for the BPT scenarios considered have a lower variance
than those of CPT, indicating a higher robustness of
hydraulic systems with barriers than of wells alone.

Results of Hydraulic Analysis

Gradient Variation for Homogeneous Aquifers
The calculations assuming a homogeneous spatial

transmissivity distribution provide some elementary in-
sights into the effect of barriers on pumping rates Q9
required for capture of the contaminant area. The barrier
lengths of the BPT scenarios chosen are set fixed here ac-
cording to the schemes depicted in Figure 2, at b/w ¼ 1
for the single-barrier scenarios (up, down, mid), b/w ¼ 2
for two barriers (side, updown), and b/w ¼ 3 for the angu-
lar configuration (upside). As shown in Figure 3, the
values of Q9 for the BPT scenarios are below those for
CPT. Scenarios with high barrier lengths, such as the sce-
narios updown and upside, are most significantly decreas-
ing Q9, with rates below the Darcy flow rate through the
contaminated zone (Q9 < 1). Barriers at the lateral sides
alone rarely hinder the flow through the contamination
and therefore lead to comparatively higher Q9, similar to
those of single-barrier configurations. The most favorable
single-barrier BPT turns out to be the one with down-
gradient position, particularly proficient at a low distance
of the well x/w ¼ 0.25 (Figure 3a). Increasing this dis-
tance lowers Q9 for all scenarios and simultaneously
reduces the relative savings that can be achieved by the
installation of barriers. The pumping rates of the single-
barrier scenarios differ only slightly at x/w ¼ 1.0
(Figure 3b).

Changing the gradient direction by angle a has a dis-
tinct influence on the BPT systems considered. Due to the
deviation of the flow orientation from NS, the values of
Q9 increase for all scenarios, with higher rates at higher
well distances. As can be observed for most scenarios in
Figure 3, there is no exact linear relationship between
the values of a and Q9. Generally, changes of a have the
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lowest influence on Q9 at low values of a. A striking fea-
ture is the specific sensitivity of the selected BPT scenar-
ios on varying the gradient angle. The pumping rates for
the updown and mid scenarios rise similar to the results
for CPT. There is a minor sensitivity of the scenarios side
and upside, indicating that NS-oriented barriers extenuate
the influence of gradient variation. This way, the lateral
extension of the contamination is obstructed. Obviously,
this effect can also be achieved by an upgradient barrier
position, which increasingly outperforms the other single-
barrier systems.

Gradient Variation for Heterogeneous Aquifers
For a first inspection, the barrier lengths are held

fixed according to the settings of the homogeneous case
(cf., Figure 2). Also, the well position is not varied
(x/w ¼ 0.5), and only the variance, rY

2, of the spatial
transmissivity distribution is changed (integral scale of
half the width of the contaminated area: IY ¼ w/2).
Figure 4 gives the cdfs of Q9 for CPT. Apparently, raising
rY
2 yields an increase of the spreading of the calculated
pumping rates. The cdfs steepen, denoting an incline of
the values of Q9 required to attain a certain probability of
success. For NS orientation of the regional gradient, the
values of Q9 at heterogeneous conditions are mostly high-
er than those derived for the homogeneous aquifer (given
the same mean transmissivity and rY

2 ¼ 0).
A gradient angle of a ¼ 30� elevates the cdfs and

causes a slightly more pronounced spreading. However,
compared to the pumping rates at homogeneous con-
ditions, an approximately equal frequency of higher and
lower Q9 is calculated. As has been observed for all BPT
and CPT scenarios, the frequency of realizations with
higher values of Q9 than for the respective homogeneous
case rises when decreasing a. This means that Q9 derived
for homogeneous conditions here underestimates the
average Q9 assuming heterogeneous conditions.

Figure 5 depicts the trade-off between the scenario-
specific mean of the Q9 distribution, Q9, and the gradient
angle a. Similar to the observations for homogeneous

conditions, generally the values of Q9 are least sensitive
to small angles. As shown, the trade-off curves for differ-
ent rY

2 rise but also converge with increasing a for all sce-
narios, indicating a reducing influence of aquifer
heterogeneity on the required pumping rate. This is least
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pronounced for the up and updown scenarios. Mean Q9
values of the BPT scenarios stay below those calculated
for CPT. This is also true when the integral scale IY
changes. This is exposed in Figure 6 comparing the re-
sults for IY/w ¼ 0.25 and IY/w ¼ 1.0. Figure 6 also points
out that the integral scale may remarkably raise Q9 if the
variance of the transmissivity field is high (rY

2 ¼ 4.5,
Figures 6b and 6d). For rY

2 ¼ 0.1, the influence of the
integral scale is negligible (Figures 6a and 6c). Further
inspection of Figure 6 reveals a change of the curves’
shape from low to high transmissivity variance. While for
rY
2 ¼ 0.1 the CPT and BPT scenarios’ sensitivity to an
increased deviation angle is nearly linear (Figures 6a and
6c), the curves’ slope increases gradually with a for rY

2 ¼
4.5 (Figures 6b and 6d). Here only little adjustment of Q9
is required at low a values, and the curves’ slope at larger
a values is generally less than for rY

2 ¼ 0.1. The upside
scenario clearly performs best and is least sensitive to a.

From the discussion of the homogeneous case, we
know that the influence of a deviation of the hydraulic
gradient from expected regional flow NS direction on Q9
rises with the distance of the pumping well (Figure 3).
Figure 7 depicts the results of the analysis of the hetero-
geneous case in terms of mean values Q9 regarding the
same extreme variances as aforementioned, i.e., a nearly
homogeneous (rY

2 ¼ 0.1) and a highly heterogeneous
aquifer (rY

2 ¼ 4.5) at IY ¼ w/2. Serving as a reference,
Figures 7a and 7b show the relationship between distance
x/w and Q9 for a NS-oriented gradient (a ¼ 0�). Here no
unique relationship between distance x/w and Q9 can be

identified. At low variance, Q9 decreases with x/w or
stays nearly constant (scenarios down, updown, upside).
At high variance, the reduction of Q9 with x/w is less pro-
nounced, and for the upside scenario, Q9 even increases.
For an inclined gradient direction (a ¼ 30�, Figures 7c
and 7d), we obtain the expected result: raising x/w gener-
ally means an increase of Q9. However, the influence of
rY
2 is distinctly less pronounced than for a ¼ 0�. Taking
the updown scenario as an example, it is revealed that for
a ¼ 30�, the rise of Q9, when increasing the variance rY2
from 0.1 to 4.5, amounts only to ~10%, rather indepen-
dently of the well distance x/w. For a ¼ 0�, we can esti-
mate a 100% rise of Q9. We attribute this observation to
the fact that the directed spreading of the contaminant
pathways caused by an inclined gradient direction domi-
nates the undirected spreading due to transmissivity varia-
tions. The former steps up the required mean pumping
rate to a level that is sufficient to cope with a high trans-
missivity variance rY

2 without any further remarkable
increase in Q9.

There exist many variants of each of the BPT scenar-
ios illustrated in Figure 2 by changing the barrier
length(s) b/w. The influence of the latter on the perfor-
mance, i.e., the average pumping rate, is shown in
Figure 8 for the BPT scenarios up, down, updown, and
side. The barriers have been elongated symmetrically
from the center, and, for each variant, Q9 was calculated
based on the same realization sets used so far (rY

2 ¼ 0.1,
rY
2 ¼ 4.5; IY ¼ w/2). For the updown scenario, both
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ones delineate IY = w.
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distribution rY
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barriers have been augmented east-west with the same in-
crements. The variants of the upside scenario have been
modified by starting from the upgradient barrier and ex-
tending both barriers at the sides to equal portions toward
the downgradient direction. For all BPT scenarios, the re-
sulting pumping rates Q9 decrease at rising b/w, but in
detail, there is an individual sensitivity of Q9 for each par-
ticular scenario. At low heterogeneity of the aquifer (rY

2 ¼
0.1), over the whole range of b/w ¼ 0 to 2.5, the updown
scenario gives the best results, which is in accordance
with the results under homogeneous flow conditions. Con-
trary to this, the calculated values of Q9 for this scenario
at high aquifer heterogeneity (rY

2 ¼ 4.5) are predominantly
higher than those of the others. Single-barrier systems are
preferable here. At b/w > 2.5, independent from the set-
tings for the transmissivity distribution, the most signifi-
cant effect of a barrier is achieved by the upside scenario.
All in all, for the more heterogeneous realization set (rY

2 ¼
4.5), a comparably stronger reduction of Q9 is reached by
barrier elongation. This can be attributed to the blocking
effect of vertical barriers. Increasing rY

2 raises the discrep-
ancy between high- and low-conductivity zones. As a con-
sequence, contaminant flow focuses in local flow channels.
Once cut by transversal barriers, downgradient flow is re-
tained yielding lower contaminant flow rates. These ob-
servations are chiefly relevant for site-specific planning of
appropriate barrier positions: especially in aquifers with
dominant flow channels, an emphasis has to be set on their
detection in order to optimize the hydraulic effect of a bar-
rier. From another point of view, natural aquifers with sub-
stantial local differences caused by sedimentary facies
distributions or fracture patterns seem to be particularly
suited for drawing benefits from BPT. For a hypothetical
heterogeneous aquifer, Bayer et al. (2001) investigated the
hydraulically, as well as economically, ideal barrier posi-
tion of a BPT with a well positioned in the downgradient
vicinity of a contaminant plume. A typical feature was
a highly conductive gravel facies oriented in the flow
direction in the plume area with most of the contaminant
flow concentrated in this zone. It was shown that a barrier,
which transversally blocks this channel, is most efficient,
yielding the maximum cost savings for this variant. Since

there commonly is a significant uncertainty in the descrip-
tion of aquifer hydraulics, existing high-conductivity zones
may be imprecisely described or overlooked at real sites.
However, their form and orientation is especially crucial
for contaminant transport and thus the hydraulic effect of
a barrier. The stochastic instead of deterministic modeling
approach of this study will reflect the imperfect knowl-
edge of the spatial transmissivity distribution. The ques-
tion is, what is the preferable barrier position even if we
do not know the exact spatial transmissivity distribution,
and can savings by installing barriers be expected without
their site-specific adaptation? This is inspected in detail
in the following section.

Savings by Barriers
In this section, we change the focus and calculate the

expected relative savings in Q9 that can be reached by
installing barriers. Results for an intermediate setting of
the model parameters, with rY

2 ¼ 2, IY ¼ w/2, and x ¼ w/2,
are plotted in Figure 9a. A main outcome is that changing
the gradient direction leads to different trends in these
savings for the individual barrier positions. When a goes
up, the BPT scenarios up and side show a percentage
increase, whereas for the others, relative savings decline.
Especially the opposed responses of the up- and down-
gradient barrier positions is prominent: their a-savings
plots intersect such that the preferable scenario depends on
a. An explanation for this observation can be found by
comparing the hydraulic effect of these positions. The up-
gradient barrier insulates the contamination from inflow
and yields a convergent flow in the contaminated area. The
benefit from the downgradient barrier is the blocking of the
outflow, expanding the flow in and out of the contaminated
area. This drift is aggravated by an angular flow regime,
whereas convergent flow by the upgradient barrier position
counters spreading. Consequently, all scenarios with cross
barriers that induce transversal spreading of contaminant
pathlines have negative trends in relative savings. Com-
pared to the relative savings though, further inspection of
the results revealed that, except for scenario down, the
absolute difference in Q9 between CPT and BPT generally
increases with a (a > 10�, Table 1).

Raising the variance of the transmissivity distribu-
tion, rY

2, affects especially the relative Q9 savings for the
scenarios up and side as these become nearly insensitive
to the gradient direction (Figure 9b). Barriers at the sides
turn out to be especially beneficial due to their lateral
blocking. The scenario side leads consistently to >25%
relative savings in Q9, which do not change remarkably
for higher integral scales. Figure 9c denotes only minor
changes for all BPT scenarios when increasing IY toward
w. However, since the scenario-specific values of Q9 gen-
erally rise with IY , the absolute savings also rise
(Table 1). Savings by BPT are curbed by increasing the
well distance x (Figure 9d). They are also less sensitive to
changes in the gradient direction, denoting a fading role
of barriers if x becomes large.

Of major interest are not only the mean savings in
Q9 but also the question whether barriers may also lead to
unintentional higher pumping rates than required with
CPT. The probability of occurrence of such a situation
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was evaluated for the same model parameter settings used
before. To deduce the frequency of deteriorated results,
the values of Q9 for CPT and BPT scenarios have been
compared for each individual realization during the
Monte Carlo analysis. A striking feature of the results
(Figure 10) is that commonly <2.5 % of the realizations
gave worse results for nearly all BPT variants. Especially
for low values of rY

2, the percentage deterioration was
close to zero. The downgradient barrier represents an out-
lier. The probability of higher Q9 values increases from
5% to nearly 30% when raising the gradient incline. Obvi-
ously, this is due to the transversal spreading of the con-
taminant flow, which in several cases affords higher
pumping rates than without the barrier. Also, the mid-
position causes a lateral spreading and thus leads to slightly
increasing deterioration frequencies. Figures 10a through
10d denote that the different model parameter settings
have only a minor impact on the reliability of BPT and do
not lead to a clear trend. However, though not shown
here, at lower values of rY

2 (<2), the percentage deteriora-
tion significantly decreases. This observation can again
be attributed to a change from predominantly channeled
to more distributed flow, thus decreasing the risk of con-
taminant flow strongly deflected from the pumping well.

In a further examination, the validity of the results ob-
tained by 500 realizations was reassessed by comparing
average pumping rates and calculations of savings to

those obtained by alternative ensembles with the same
statistics. For settings IY/w ¼ 0.5 and 1.0 and rY2 ¼ 0.1,
2.0, and 4.5, additional ensembles with 500 new realiza-
tions were created, yielding 1000 realizations in total for
each given distribution. Oriented at Goovaerts’ (1999)
approach, 100 subsets of 500 realizations each were sam-
pled randomly from the new ensemble without replace-
ment. Minimum pumping rate calculations for scenarios
CPT, down, side, and updown were then exemplarily in-
spected, assuming the distance of the well x ¼ w/2. The
standard deviations of Q9over all subsets were <5%. We
also examined if the calculated percentage of deteriora-
tion by barrier installation can be reproduced. Very good
agreement with the results shown in Figure 10 was found
for nearly all BPT scenarios. Even for the down scenario
with an expected deterioration scoring >20%, the absolute
standard deviation did not reach values >3%.

Summary and Outlook
In this paper, we analyzed BPT for their effective-

ness in controlling contaminant plumes in ground water.
The focus was put on the discussion of the significance of
deviations in the flow direction from a given and expected
direction and to the consideration of highly heterogeneous
aquifer conditions. Using a hypothetical contamination
scenario, the performance of BPT was assessed in terms
of the pumping rate required to completely capture a
given contaminated area.

The presented work supports the findings from a pre-
ceding study (Bayer et al. 2004), providing clear evidence
of the effectiveness and the robustness of BPT compared
to CPT. The results of the presented paper specifically
show that (1) BPT clearly outmatch CPT even if back-
ground ground water flow direction has been anticipated
incorrectly; (2) BPT may yield considerable savings of up
to 80% with respect to the expected value of required
pumping rate compared to CPT; and (3) the risk that addi-
tional barriers will lead to an unwanted negative effect,
i.e., higher pumping rates, is small (<2.5% for most of the
proposed BPT scenarios).

Taking both the presented and the preceding investi-
gation (Bayer et al. 2004) together, the potential benefits
of BPT are now reliably confirmed, addressing major
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Table 1
Influence of Increases in Parameter Values on
Absolute Savings in Q9 of BPT Scenarios

Compared to Q9 of CPT

Down Up Mid Updown Side Upside

rY
2 (a < 10�) 1 1 1 1 1 1

rY
2 (a > 10�) 1 0 1 1 1 1

IY 1 1 1 1 1 1

x 2 2 2 2 2 2

a (<10�) 2 0 2 2 2 2

a (>10�) 2 1 1 1 1 1

b 1 1 1 1 1 1

1, positive; 2, negative; 0, neutral trend.
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factors of uncertainty that are known to potentially have a
substantial impact on the success of hydraulic measures
in ground water. It is discussed that the positive effect of
vertical physical barriers can be especially attributed to
the blocking of high permeability structures, i.e., pre-
ferred pathways, thereby retaining ground water flow pre-
viously focused to these structures and thus reducing
required pumping rates. Since spatial variability of trans-
missivity has been considered by SGS, which does not
preserve the occurrence of continuous structures (Gomez-
Hernandez and Wen 1998), we may expect an even higher
benefit of vertical physical barriers for spatial variability
models, which have the potential to replicate continuity in
preferential flowpaths, such as indicator simulation ap-
proaches. The relative importance of the choice of the
spatial variability model, therefore, will be subject to fur-
ther research. In this context, the role of existing condi-
tioning field data gathered during site investigation will
also have to be examined. Such data are likely to reduce
parameter uncertainty, thus narrowing the variability of
the results from Monte Carlo simulations. Aside from
this, the existence of even sparse information on local
transmissivity will involve a system optimization step
leading to nonsymmetrical barrier settings that are adap-
ted to the given site-specific characteristics as far as they
can be determined from available information. The sys-
tem optimization will have to cover both the positioning
of the barriers and the pumping well or even a group of
pumping wells (Bayer and Finkel 2004).

To deal with the above-mentioned issues, the focus
has to be extended toward real world case studies and
more close-to-reality scenarios. Based on these, the gen-
eral validity and transferability of the findings from
the generic modeling study presented can be examined
in detail. Of particular interest are the roles of three-
dimensional aquifer representations, partially penetrating
wells, and typical hydraulic constraints like the limitation of
ground water level changes from drawdown and backwater.
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