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ABSTRACT

Experience has shown that one of the most common reasons permeabl e reactive barriers (PRBs) fail to
meet performance criteriaisinadequate understanding of the groundwater flow system. For example, contami-
nated water may flow around the ends of the barrier or funnelling slurry walls, under the barrier walls, or through
the slurry walls. An analysis of the groundwater flow regime resulting from the installation of aPRB can lead to
an effective design that significantly reduces the escape of untreated water through associated slurry walls and/
or around the ends of the PRB system. A three-dimensional groundwater flow model using M odflow was
developed to evaluate the effectiveness of groundwater capture and treatment resulting from the installation of a
funnel-and-gate PRB. The results of the model analysis provided for a design that incorporated several barrier
and gate segments at varying orientations to groundwater flow for optimization groundwater capture. The model
indicated theideal location for gates to minimize head increases along the upgradient portion of the dlurry wall,
which resulted (as compared to a more simplistic design) in reduced seepage of untreated groundwater through
the wall and reduced flow around the end points of the barrier by an estimated 100 per cent. The length of the
gates were al so optimized to provide sufficient resident time of groundwater in the PRB to accomplish treatment.
The model results were also used to locate optimum sites for downgradient monitor wells to assess performance
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of the system.
Key words: barrier, reactive, modeling, PRB

INTRODUCTION

Many permeablereactivebarriers(PRBS)
fail to meet performance standards because of
aninadequate understanding of the groundwater
flow systemthat will exist after thePRB is
installed. Deficient designsmay lead to ground-
water flowing around and through the contai ning
durry wall, over-topping of thebarrier or gate,
or agroundwater residency timeinthereactive
gatewhichistoo short for complete treatment.
McMahon (1999), for example, indicatesthat
theresultsof apost-construction evaluation of a
PRB installed at the Federa Center in Denver,
Colo., reved ed that the hydraulicimpactsfrom
theinstallation of the PRB were substantia and
resulted in some of the contaminated groundwa-
ter bypassing the system.

Numeric modeling of variousPRB design
scenariosand eval uation of theresulting ground-

water flow systemscanaidindeterminingthe
appropriateness of the PRB for specific site
conditionsand finali zation of the preconstruction
design. Understanding the groundwater travel
pathsand flow volumes, through modeling, can
providefor an optimum design that can meet
performance criteriaand providefor amargin of
safety whilepreventing costly over-design of
gatesthat aretoolong, thick, or high, or not
placed inoptimum locations. Additionaly, an
understanding of theresulting PRB flow system
Isnecessary for locating monitoring pointsto
assess performance criteriaafter the system
becomesoperationdl.

A PRB systemwasoneremedial option
being considered for containment and treatment
of agroundwater chlorinated-solvent plumeat a
former manufacturing site. Off-gite property
ownership, adjacent tothesite, isresidential,
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Figure 1. Reactivebarrier modeled flow paths.

which necessitated that the PRB be constructed
entirely on site; however, because of the size of
theplume, asmplelinear PRB designwith one
gate could not be constructed entirely onthe
property and still providefor complete capture
of groundwater plume. A Site-specific numeric
groundwater flow model was used to test
various PRB design configurationsthat could be
built entirely withintheboundariesof thedte.
Themodel wasa so used to measurethe
performance of each system designbased on
thegroundwater flow path and gradients
through thegate(s) and durry wall. Thepossible
flow paths produced from theinsta lation of
permeablereactivebarriersareillustrated on
Figure 1 and comprisethefollowing:

m endflow aroundthedurry walls

m flow throughthedurry wall
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m flow throughthegate
m overtopping of thegate(s) or durry wall

m under flow at the base of theslurry wall or
gate

Under flow at the base of thedurry walls
or reactive gateswasnot modeled , asthisflow
pathismainly controlled by geotechnica con-
Siderations and the successin keying the PRB
into alow-permeablity zone. Theresultsof
selected PRB design smulationsare presented
inthispaper andillustrate the effectiveness of
numeric modding anadyssinevauaingvarious
Ste-specific PRB designs.

SITECONDITIONSAND
HYDROGEOLOGY

Thesteislocated in Denver, Colo., within
theregion of the Denver Basin. Site-specific
stratigraphy and hydrogeol ogic parameterswere
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evaluated from over 76 boreholesand monitor
wellsdrilled on and off Site. Thesiteisunderlain
by interbedded sands, claysand silts, and
weathered and unweathered deposits of the
Denver Formation. Theweathered Denver
Formation iscomprised of poorly consolidated
sandstone, siltstone, and claystone deposits.
The unweathered Denver Formation occursat a
depth of approximately 17 metersand consists
mainly of claystoneand sandstone, which are
massveand moderately well lithofied.
Groundwater inthe shallow aquifer occurs
at adepth of about 7 meters, providing for
about 10 metersof saturated section abovethe
topof theunweathered Denver Formation.
Groundwater flowsinanortheast directionwith
ahorizontal gradient of about 0.02. Thehy-
draulic conductivity of theshalow aquifer falsin
the approximaterangeof 1 X 10° centimeters
per second (cm/sec) to 1 X 103cm/sec, as

assessed from an aquifer pump test and dug
testsconducted in over 33 wellson and off site.

Historic releasesof chlorinated solvents
fromthe on-stemanufacturing facility and
upgradient sources cameinto contact with and
dissolved into groundwater, resultingina
groundwater solvent plume agpproximately 230
meterswidethat hasmigrated in anortheast
direction off Steinto aresdential area.
Groundwater andyticd resultsindicatethat the
plumeisconfined to the shallow aquifer and
does not extend bel ow thetop of the unweath-
ered Denver Formation at adepth of approxi-
mately 17 meters. The plume hasconcentra-
tionsof 1,1- dichloroethene (1,1 DCE) ranging
up to 3,000 ug/l near thefencdine, resulting
fromthedegradation of 1,1,1-trichloroethane
(1,1,1 TCA) andtrichloroethene (TCE). The
location of theplumeinrelationtothesteis
shownonFigure?2.
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Figure 3. Cut-arway view of the permeablereactivebarrier.

Containment and treatment of the ground-
water plumeby installing aPRB inthe northeast
portion of thesitewaseval uated along with
other remedies, including pump andtreat, in
situ chemical oxidation, and in situ biodegrada
tion. A conceptua diagram of asimplistic PRB
withtwo funnelling durry wallsand onereactive
gateinreation to groundwater plumeisshown
onFigure3.

GROUNDWATER MODEL DESIGN
AND SIMULATED PARAMETERS

TheU.S.G.S. MODFLOW computer
code (McDonald and Harbaugh, 1988) was
used to quantitatively estimate aquifer response
andtheartificid flow field (specificaly theflow
pathsidentified above) developed fromthe
smulation of various PRB designsunder steady-
stateconditions. Plume capture capabilities of
the systemwere eva uated using the head
distribution from thegroundwater mode with
the PATH3D particle-tracking program

(Popadopulos, 1991).

Model layer and cell configuration

Themodel wasdesigned with onelayer
and approximated 10 meters of saturated
section abovethetop of the unweathered
Denver Formation. Themodd gridincorpo-
rates 38,784 variabledimension cellswith the
central portion of themodel (177 by 186
meters), incorporating 14,152 1.5 square
meters(m?) grid cells. Thetota dimensionsof
themodel were 1525 metersby 1540 meters.
Thesmall-dimension cdllsinthecentrd portion
of themodel were used to providethe detailed
head distribution necessary to assessthetheo-
retical groundwater capture zoneand resulting
flow field generated by thedurry wall(s) and
gate(s), using the particle-tracking program.
Horizontal gradient and hydraulic
conductivity

Groundwater wasmodeled toflow ina
northeasterly directionwith ahorizontal gradient
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of 0.02to approximate observed on-site
conditions. Model simulationswere conducted
using an aguifer hydraulic conductivity (K) of 1
X 102 cm/sec, whichwas at the high end of the
range observed from aquifer testsat the site.
Thehydraulic conductivity of thebarriersor
funneling durry wallswereestimatedat 1 X 10
6 cm/sec and thereactivegatesat 1 X 103 cm/
sec. Thehigher value of aquifer K wasusedin
themodel to provideaconservativeor high
estimate of the antici pated groundwater flow
ratesthrough the gates (lowest retentiontimein
thereactiveiron) and durry wallsand greatest
head increases upgradient of the PRB system.

EVALUATION OF SMULATED DESIGNS

PRB design scenariosweremodeled
incorporating variabledurry wall and gate
lengths, and the number and position of gates.
Model resultsfor each design condition were
evauated congdering:

B end flow aroundthegatesand durry wall

B flow throughthedurry wall

B overtopping of thegate(s) or durry wall
dueto upgradient headincreases

B resdencetimewithinthereactive barrier

B probablelocation of compliance
monitoring points

Flow volumes

Themode cdll-by-cdll flow termsand
zonebudget moduleswere used to assessthe
amount of water flowing throughthedurry wall
and gatesand around theends of the PRB system.

Particle tracking

Particleswereintroduced to the head
distribution smulated by the groundwater flow
model for eachsmulated PRB design. The
particle-tracking program producesflow paths
that approximatesthe path aparticle of water
wouldfollow by advectivetransportinthe
smulatedflow field. Particleswereintroduced
upgradient of the PRB in each 1.5 m? model
grid cell and produced aflow linesmulatingits
potential path. Thefateof the particle(s) (i.e.,
whether they were captured or not) wasused to
assesstheeffectivenessof aparticular PRB
designin capturing and treating the groundwater
plume.

MODEL SIMULATIONS

Theinitia PRB design smulationscon-
sisted of adurry wall or funnel systeminstalled
ina90-degreeorientation asillustrated on
Figure3. Reactivegatesof varyinglengths
weresimulated at the apex of thefunnel system.
Thelength of thedurry wall wasincreased to
reduce end flow. Additional gateswere placed
inareasof increased head upgradient of the
PRB to reduce the gradient and flow through
thedurry wall. Variablelength gateswere
simulated at oneend of thedurry wall to pro-
videfor treatment of water flowing aroundthe
end of the barrier system.

RESULTSAND DISCUSSION

One-gate system

Theresultsof four design scenariosare
illustrated in Figures4 and 5. A comparison of
theparticleflow pathsfor each design can
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Simulation 1
One-Gate Reactive Barrier System
Total Gate Length 15 Meters

Simulation 2
One-Gate Reactive Barrier System
Total Gate Length 45 Meters
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Simulation 3
Two-Gate Reactive Barrier System
Total Gate Length 30 Meters

Simulation 4
Three-Gate Reactive Barrier System
Total Gate Length 45 Meters
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Figure4. FHow pathsfor selected smulations.
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demongtratethe utility of themodel inassisting
inthedesign of aPRB system. Theflow paths
shownon Simulation 1, Figure 5 are produced
fromasystemwith one, 15-meter gatelocated
at theapex of thefunneling durry walls. End
flow of 6.8 cubic metersper day (m*/day) or
31% of total plumeflow of untreated water
occursontheeast (1eft) sdeof the system.
Additional flow of 2.9 m®/day bypassesthe gate
by flowing throughtheconfiningdurry wals

fromincreased head and gradient, upgradient of
thesystem. Increasing thegateto 45 metersin
length (Smulation 2) still resultsinend flow of 4
m?/day and flow throughthedurry wallsof 1.8
n/day.
Two-gate system

A second 15-meter gatewassimulated at
theend of theeast Surry wall, in addition to the
15-meter gate at the apex of the system, Simu-
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lation 3. Theadditional gateat theend of the
durry wal sgnificantly reduced theend flow of
untreated water, but till allowed 0.9 m*/day to
flow around the ends of the system and 2 m?/
day toflow through thedurry walls.

Three-gate system

Anadditiona PRB design, Simulation 4,
included three gateseach of 15 metersinlength
located a ong the north durry wall. Onegate
waslocated at theapex of thefunnelling durry
walls, and one gate each at themiddleand end
of thenorthdurry wall. Thethird gateinthe
middleof thedurry wall reduced the upgradient
head by alowing morewater to flow through
thecentra portion of thedurry wall. The
decreased head inturn reduced end flow,
allowing al theend flow water to passthrough
theend gate and reduced flow through thedlurry

wall to 0.65 m¥day. Additionaly, thereduced
head provided for agroundwater flow velocity
through thereactive gatesthat would furnisha
long enough resident timefor the plumeto be
oxidized by thereactivewdl (gate).

Potential locationsfor compliance monitor-
ing pointsareindicated ontheflow path dia-
gramfor Smulation4. Themonitoring points
arelocated, based ontheresults of the particle
tracking program, to morereliably assessthe
system performance by placing themin
downgradient areasto assesstheimpacts of
potential barrier leakage and systemend flow,
and to evaluate the extent of groundwater
treatment by thereactive gate.

Quantitative comparisonsof additional
PRB design smulationsareshownin Figure5.
Thefirst three graphs depict untreated end flow,
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flow through thereactive gate(s), and flow
throughthedlurry wallsfor threecases. The
first caseisaone-gate syssemwithavariable
length gate of 15 metersto 45 meters. The
second caseisatwo-gate systemwhichis
variedinlength from 30 metersto 45 meters.
Thelast caseisathree-gate systemwith 45
metersof total gate. Thesegraphsdemondtrate
that the three-gate system with 45 metersof
total reactivegatewill out performaone- or
two-gate system with the samelength of reac-
tivegate. Thethree-gate system hastheleast
amount of untreated end flow water and flow
through thedurry wall, and thegreatest flow
throughthereactivegates. Theforth graph
showsthat the upgradient head increases,
resulting fromtheingtalation of the PRB, arethe
least with the three-gate system providing for
theminimum potential toforcewater under the
PRB or around the ends of the system. Addi-
tiondly, thelower head increase also provides
for theleast vertica height required to capture
the groundwater plumeand prevent over-
topping.

Numeric modeling of thegroundwater flow
field produced fromtheingtalation of aPRB
should be considered asaprerequisiteprior to
deveopingthefinal designandingtalationof a
PRB system. Theresultsof model andysiscan
providefor adesign that will optimize ground-
water capture by incorporating multiple gates
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located along portionsof thelow K barrier.
Themode resultscan dsoidentify thelocations
for gatesto minimize head increasesalong the
upgradient portion of thelow K barrier, resulting
in reduced seepage of untreated groundwater
throughthefunnelling durry wall and flow of
untreated groundwater around the end pointsor
under thebarrier. Thelength of thegatescan

a so beoptimized to providefor minimal gradi-
entsand sufficient resident timeof groundwater
inthereactivebarrier to accomplish treatment.
Resultsfrom the particle-tracking model are
essentid inlocating critical areaswheremonitor
wellscould be placed to assess performance of

thesystem.
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