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ABSTRACT

HYDRAULIC EVALUATION OF LYSIMETERS VERSUS
ACTUAL EVAPOTRANSPIRATIVE CAPS

By

Ramil Garcia Mijares

The ability to quantify percolation through a soil profile is onetld important
considerations for geoenvironmental systems. Reliable estimapecolation through
natural soil deposits help in determining local groundwater rechiatge. For landfills,
accurate measurement of percolation through the cap is nectsspeymitting earthen
final covers. Even though percolation is generally the smallesp@oemt among water
balance parameters, quantifying its magnitude is environmentaligat and key in
evaluating the overall hydraulic performance of final covers. dDimstimation of
percolation through a soil cover is typically achieved using pamégsrs which consist
of a drainage layer underlain by an impermeable geomembrane liner. Thecpresthis
hydraulic barrier in lysimeter, which is used to facilitte collection and measurement
of percolation, alters the hydraulics of the system. This dagertaimed to evaluate the
difference in hydraulic performance of a lysimeter versotah earthen cap with
underlying landfilled waste. Two uncompacted and one compacted ¢aiel-earthen
cap test sections were built and instrumented at a landfill beaoit, Michigan to
investigate the hydraulic difference between an actual cap riamdéy waste) and
corresponding lysimeter which was used to directly measure pBorolLysimeter pans
were installed in the middle of each test sections and thenmsiited area was expanded

upslope and downslope of the lysimeter to monitor the soil water ssoveifgn and



beyond the lysimeter footprint. About 35 sensors were installecach ef the test
sections to monitor water contents, water potentials, soil teropesatvater levels, and
gas pressures. The field results show soil water storage Jalug®e uncompacted test
sections that were underlain by waste were typically gretiten those for the
corresponding lysimeters. For the compacted test section, Weseno significant
difference between the soil water storage for the actual rwphe lysimeter. Using the
single porosity numerical models UNSAT-H and Vadose/W, the fiekhsmred
percolation in the lysimeter as well as the variation in satewstorages were predicted
with an acceptable accuracy for the compacted test section. @senpe of macropore
flow through large clods in uncompacted test sections is not acddiontie these single
porosity models. A numerical analysis showed that when a lysimeterestimates the
soil water storage of an actual earthen cap, it correspondedtegiactual percolation
across the interface between the soil cover and the underlyisge.w@ lysimeter
overestimates percolation because the infiltrated water dramedthe lysimeter is
immediately removed and is therefore not available for removaviapotranspiration.
Field-scale simulations also showed that the magnitude of agpibarrier effect

introduced by the drainage layer in the lysimeters is nbtgigvhen the saturated

hydraulic conductivity of the soil cover is equal to or less thé% da/s.

Keywords: Landfill final covers, alternative earthen caps, lysimetetd{scale testing

and instrumentation; water balance, municipal solid waste, UNSAT-H, V&dose/
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KEY TO ABBREVIATIONS

1-D = one-dimensional

2-D = two-dimensional

ASTM = American Society for Testing and Materials
BGS = below ground surface

CB = bottom nest of the compacted north test section
CFR = Code of Federal Regulations

CL = lean clay

CM = middle nest of the compacted north test section
CT = top nest of the compacted north test section

ET = evapotranspiration/evapotranspirative

GCL = geosynthetic clay liner

GDL = geocomposite drainage layer

GP = uniformly graded gravel

GT = nonwoven geotextile; unit gradient boundary at the base of theomenw

geotextile that lines the OK110 soil column
GW = constant water table at the base of a 90-cm thick coaasel ghat was

hypothetically placed underneath the OK110 soil column

HDMP = heat dissipation matric potential
HDPE = high-density polyethylene

IPM = instantaneous profile method
LL = liquid limit
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MDE = Maryland Department of the Environment

ML = low plasticity silt

MSW = municipal solid waste

NB = bottom nest of the uncompacted north test section
NM = middle nest of the uncompacted north test section
NOAA = National Oceanic and Atmospheric Administration
NT = top nest of the uncompacted north test section

OK 110 = uniformly graded fine sand

P/PET = precipitation to potential evapotranspiration ratio

PE/P = potential evaporation to precipitation ratio

Pl = plasticity index

PVC = polyvinyl chloride

RCRA = Resource Conservation and Recovery Act

SAIC = Science Applications International Corporation

SB = bottom nest of the uncompacted south test section

SM = silty sand; middle nest of the uncompacted south test section

SM-ML = nonplastic sandy silt
SP = uniformly graded medium sand

SP-SM = poorly graded sand with silt

ST = top nest of the uncompacted south test section

SWS = soil water storage

TDR = time domain reflectometry

UG = unit gradient boundary at the base of the monolithic OK110 soil column
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us = United States

USCS = Unified Soil Classification System
USEPA = United States Environmental Protection Agency
WL = waste layer

XVili



Cc

Cu

KEY TO SYMBOLS

curve fitting parameter for Haverkamp et al. (1977) function
curve fitting parameter for Haverkamp et al. (1977) function

coefficient of gradation

uniformity coefficient

effective size or diameter in the particle-size distibn curve
corresponding to 10% finer

diameter in the particle-size distribution curve corresponding to 50% finer

diameter in the particle-size distribution curve corresponding to 60% finer

surface evaporation
evapotranspiration

specific gravity of soil solids
saturated hydraulic conductivity

ordinate of the intersection of unsaturated hydraulic conduchinttions

for the coarse-textured and fine-textured materials Wiiéye: ) = K(ys)

unsaturated hydraulic conductivity for a givigh

saturated hydraulic conductivity

saturated hydraulic conductivity

saturated hydraulic conductivity of the storage layer
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Ovr

RO

isothermal water vapor conductivity for a givigh

saturated hydraulic conductivity of municipal solid waste

unsaturated hydraulic conductivity

hydraulic conductivity of the porous media for a giwén

unsaturated hydraulic conductivity

unsaturated hydraulic conductivity for a fine-textured materidl yejt

curve fitting parameter for van Genuchten (1980) function
estimated lysimeter percolation (mm)
precipitation

percolation; basal percolation

applied or specified flux

thermal vapor flux density

surface runoff

degree of saturation; sink term that represents the watakeupty
vegetation as a function of both depth and time

time

plant transpiration

equivalent volume of water stored in the lysimeter (gal)

period measured by the water content reflectomg8r (
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z = vertical coordinate; depth of water in the lysimeter (cm)

a = curve fitting parameter for van Genuchten (1980) function; cuttredfi

parameter for Haverkamp et al. (1977) function

S = curve fitting parameter for Haverkamp et al. (1977) function
Vd = dry unit weight

A = change

AS = change in soil water storage

0 = volumetric water content

Oc = volumetric water content for a coarse-textured material

Of = volumetric water content for a fine-textured material

or = residual water content

0s = saturated water content

/4 = matric suction head

Y = matric suction

Ve = matric suction for a coarse-textured material

\fi = matric suction for a fine-textured material

Vint = abscissa of the intersection of unsaturated hydraulic condudtiuittions

for the coarse-textured and fine-textured materials wWigrgre

w = gravimetric water content
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INTRODUCTION

BACKGROUND ON LANDFILL FINAL COVERS
Landfills are the most widely used facilities for disposalnminicipal solid wastes
(MSW). The United States Environmental Protection Agency (USERAinated that
there are about 1,750 active landfills across the country as of 2006 antiOgd@0 old
municipal landfills. Current per capita waste generation in the id.&out 4.6 pounds
per person per day which would translate to a total of roughly 2%@mibns of MSW
per year. Even though efforts to recycle wastes have signlficantreased,
approximately 55% of MSW is still being disposed off into landfills (EPA 2007).

Once these landfills reach their volumetric capacity anddmedsiled for closure,
final cover systems are installed. Final cover systems &k tascontrol the amount of
moisture infiltrating into the wastes, separate wastes frsaade vectors and other
nuisances, control landfill gas emissions and odors, and meet mestuglirements.
Well-designed landfill final covers also promote good surface dyajne@esist erosion,
prevent slope failure, minimize long-term maintenance, and providebgimyt for other
eventual use of the site. Potential end-uses for closed MSW landfél nature or
recreation park, wilderness area or animal refuge, golf cosksey toboggan hill, and
parking lot (EPA 1995).

Conventional designs for landfill final cover systems are based hen
requirements set forth in the Resource Conservation and Recove(R@R®A). Under
RCRA Subtitle D (40 CFR 258.60), the minimum criteria for final cospstem for

MSW landfills depend on the existing bottom liner system. Accordjrighydfill final



cover system must have a permeability less than or equal tofthla¢ bottom liner

-5 . . - .
system, or less than or equal to 106m/s, whichever is less. A minimum 18 inches of

this earthen material shall be used to minimize infiltration through the claséfillunit.
It must also have a minimum 6 inches of soil erosion layer thapable of sustaining
native plant growth.

Figure I-1 shows an example of a typical RCRA Subtitle D drfitial cover
system. This design has been imposed to restrict the flow ef #ambugh the cover and
into the waste. Such design would prevent the landfill from fillipgvith leachate that is
primarily generated from infiltration of precipitation. This phenomemrommonly
referred to as “bathtub effect” and is therefore highly unwanted.

In practice, the presence of a geomembrane in the bottom linemsiygers the
use of a geomembrane in the final cover system (SAIC 2000). #tstallof these
conventional final covers that use geomembrane costs between $80,000 and $500,000 pe

acre (MDE 2003), with the bulk of the expenses allotted for the use of the geomembrane

v

15cm Erosion Layer
T NS Pt ) (L S B U B i _<—Geomembrane

. Compacted Soil Layer
45cm

Figure I-1: Final cover system for MSW landfills (EPA 1992).

“For interpretation of the references to color in this and all other figimeseader is

referred to the electronic version of this dissertation.”
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ALTERNATIVE EARTHEN COVERS

In lieu of RCRA design, RCRA guidelines also stipulate th&tr@dtive designs may be
approved by regulatory agencies if it can be demonstrated thatajpespd alternative
provides equivalent performance with regard to reduction in percolati@sjoe
protection, and other applicable criteria.

Several alternative final cover designs have been proposed andgatessin the
past decade (Benson and Khire 1995; Nyhan et al. 1997; Ward and Gee, tb@9dns
and Morris 1998; Khire et al. 1999; Benson et al 2002; Albright et al. 2003; Scanlon et al.
2005). Collectively, the mechanisms in which these alternative domadrs perform rely
on the water-holding capability of native soils and a huge pereembgrecipitation
returns to the atmosphere through evapotranspiration. Hence thestapotranspirative
caps” is often used to refer to these alternative final covers.

Evapotranspirative caps are often classified into two types: ¢hplihic caps
and (2) capillary barriers. Monolithic caps have relatively sengsbss-sectional profile
consisting of 6 to 18 inches thick of topsoil layer underlain with gktkiorage layer of
earthen material with low hydraulic conductivity and high wateragfe capacity. The
topsoil layer provides medium for vegetative growth for effectinesion protection and
removal of water from the soil through transpiration. The thicknetiseaftorage layer is
designed such that most infiltration during “wet season” is dtamethe soil until
withdrawn back by evapotranspiration. Capillary barriers comdidtner-grained soill
layer underlain with coarser-grained layer. The contrast in hydrardperties between
the two layers forms a capillary interface forcing watebe stored in the finer-grained

layer and delaying or preventing infiltration into the underlyingrser-grained layer.



Capillary barriers also usually have a topsoil layer for plamwtr and erosion
protection. Figure 1-2 shows the general profile of the two neoshmonly used
evapotranspirative cap designs.

Distinct difference between RCRA Subtitle D final covers andpotranspirative
caps is the absence of geomembrane in the latter. This dinectglates to significant
cost reduction in landfill final cover installation. Hauser et(2001) estimated the
benefits and costs advantages for evapotranspirative caps and has spovemtil
savings of 50% on landfill cover construction costs. Long-term perfareneof
evapotranspirative caps is also anticipated as the root sys$tiésnvegetation develops
through time improving slope stability in contrast with prescribagdscwhere slope
failure has been a great concern. The inherent high cost of presceaps and its
uncertain long-term performance has led to initiate extensigsearch on

evapotranspirative caps.
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Vegetative Layer

Vegetative Layer

Storage Layer

. Coarser-Grained Layer

(a) Monolithic Caps

Figure I-2: Evapotranspirative caps: monolithic caps (a) and capillangtsa(b).
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LYSIMETRY

As per RCRA regulations, acceptance of alternative designglingl evapotranspirative
caps for landfill final covers requires field demonstrationgseas its performance under
site-specific field conditions. Demonstration of hydraulic equivaes usually attained
when the resulting percolation rate from evapotranspirative cap is less tltarabtoethe
percolation rate from prescribed final covers under identietl fconditions (SAIC
2000).

In order to evaluate equivalent performance of evapotranspirativenstpshe
prescribed final covers, direct quantitative method of estimét@@gmount of percolated
water across the landfill cap is needed (Benson et al 2001). Thigpisally
accomplished by installing water-balance lysimeters whenmeiergire cross-section of
evapotranspirative cap is underlained with an impermeable geomemdlianéng
collection of drainage through this bottom boundary. Key feature g$iméter is the
ability to directly measure percolation rate and with a goodgoecof about 0.5 mm/yr
(Benson et al. 1994; Ward and Gee 1997).

Figure I-3 shows a typical layout of a lysimeter. A higingity polyethylene
geomembrane is usually used to line the lysimeter. Most lysiméclude a gravel or
geosynthetic drainage layer at the soil and geomembrane ietetéadirect the
percolation to the collection system (Benson et al. 2001). Aside fyernolation
measurements, lysimeters are also used to measure theshanie soil water storage
of the cap. This is accomplished either directly through weighimgamitoring the water
content across the profile using water content sensors. A divergioni®eonstructed

along the perimeter in order to divert surface runoff from upslopkeeolysimeter while



directing the surface runoff within the monitoring area to the calecsystem.

Precipitation is usually measured at the site using a tipping bucket.
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Figure I-3: Schematic of a typical lysimeter showing the watenbalparameters.

Water balance of the lysimeter can be expressed as:

ET=P-R -RO -AS (I-1)



where ET is evapotranspirationP is precipitation,P, is percolation,RO is surface

runoff, and AS is the change in soil water storage during a specifiedge time.

Hence, evapotranspiration can be estimated if precipitationplpéon, runoff and soil
water storage are measured. The calculated evapotranspisatften compared to the
site-specific estimates of potential evapotranspiration to contire accuracy of the

estimate.

Effect of Lower Boundary

The most significant disadvantage of using lysimeters to asipercolation rate is the
presence of artificial no-flow boundary induced by the hydrauliagdraat the base of the
lysimeter (Abichou et al. 2006). This bottom boundary, which does notieast actual
landfill final cover, prevents the upward and downward flux of liquid aqEbvacross
the base of the lysimeter thereby possibly underestimating oestweating the actual
percolation rate.

Several studies have identified this concern (Benson et al. 2001;o&bethal.
2006). However, there has been a lack of data in the literature Wieesdfect of this
artificial boundary on percolation is quantified until Khire and Mgaf2008) presented a
result from numerical modeling of lysimeters versus the cporeding actual
evapotranspirative caps covering a waste layer as shown in Higur@esults of the
numerical analyses indicated that percolation rates obtained fysimeters are
conservative by factors ranging from 2 to 10.

Lysimeter is the only available tool that directly estimgtescolation through

evapotranspirative caps (Benson et al. 2001; Albright et al. 2002). Hestaged



understanding on its ability to capture actual flux on landfill ceoves highly
indispensable. Percolation values measured in the lysimetersmbede-evaluated by
carrying-out numerical modeling that incorporates the underlyingtev&or actual

evapotranspirative cap scenarios (Khire and Mijares 2008).
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Figure I-4: Conceptual model of evapotranspirative caps consistiygiwfeter only (a);
and actual cap (b) with underlying waste (Khire and Mijares 2008).

Capillary Barrier Effect

The use of a geocomposite drainage layer at the base ofsilveetgr to facilitate the
collection and measurement of percolated water through the easéigerhas been
perceived to create a capillary barrier effect (StormontMadis 2000; Scanlon et al.
2005). This geocomposite drainage layer which is placed above thergboane that

lines conventional pan lysimeter consists of a geonet sandwichecebetim@ nonwoven



geotextiles. Published studies indicate that non-woven geotextihesweter retention
function that is similar to those of coarse-textured soils such as sands\ald graating

a capillary break with the overlying fine-textured cover sioyo and Rowe 2003; Park
and Fleming 2006; Bathurst et al. 2007).

Benson et al. (2005) and Bohnhoff et al. (2009) investigated the effeapidary
break on percolation estimates by conducting parametric evaluatioyn seseral water
balance models. They reported that regardless of the capill@gk,b predicted
percolation was less than field measured percolation. Due to themhharcertainty in
the field boundary condition, it is critical to identify when theesence of capillary

barrier effect will be significant or minimal on the measured percolati

NUMERICAL MODELS
Several models have been developed to simulate the water balaeeettedn caps.
Among these, the numerical models UNSAT-H (Fayer 2000) and VAD@SEeo-
Slope 2007) are among the commonly used in engineering practidentdateng water
balance in saturated and unsaturated porous media (Benson 2007). Indhidhsse
three computer models were used to simulate the hydrologyndfillaearthen final
covers.

Each model numerically solves a modified form of Richards’ eguad estimate
the flow of water through both saturated and unsaturated soil media.-dimessional

(1-D) form of Richards’ equation can be expressed as follows:
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where @ is the volumetric water conteny/ is the matric suction head(y) is the

corresponding hydraulic conductivity of the porous media for a gigenS is the sink

term, Z is the vertical coordinate, arldis the time. UNSAT-H is a 1-D code that uses
finite-difference scheme in solving Equation 1-2. VADOSE/W isnéd-element model
that can be run either under 1-D or two-dimensional (2-D) modes. Theserical
models have been extensively used in simulating landfill final cdq¥énise et al. 1997;
Roesler et al. 2002; Benson et al. 2004; Bohnhoff et al. 2009).

The use of numerical models to predict percolation rates and contptre
measured values obtained from lysimeters has been widely cods{déiee et al. 1997;
Khire et al. 2000; Albright et al. 2004; Benson et al. 2005). However ibéars reported
that these models failed to capture pulses of field measured gierootates due to
inability of these models to account water flow through prefelefitie paths in soil
(Khire et al. 1997). The formation of macrodefects or fracture®itmgreatly influences

the water balance parameters, especially percolation.

OBJECTIVES

The key objectives of this dissertation are to: (1) build andumsnt large-scale
evapotranspirative landfill final cover test sections that agalole of monitoring the
difference between the hydraulic performance of a lysimeter and tfespgonding actual
cap (underlain by waste) under field conditions; (2) assessathability of numerical
models in predicting the water balance of an earthen cover wigmtad lysimeter pan
that does not use geocomposite drainage layer; (3) conduct fieddsscaulations to

determine the effect of the underlying landfilled waste on patiool estimates for actual
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caps; and (4) determine key considerations regarding the occuafecapillary barrier
effect and its implications on percolation when using conventionalysaneter that use

the synthetic geocomposite drainage layer.

METHODOLOGY
Field-scale evapotranspirative caps were constructed in allldadated near Detroit,
Michigan which is operated by Waste Management, Inc. Two sestons, each having
a dimension of 15 m by 30 m, were built on top of a landfill site ihhatheduled for
final closure. Performance monitoring for the test sectionsdiaded into two phases:
(1) uncompacted earthen cover investigation from September 2007 to Bep009;
and (2) compacted earthen cover investigation from October 2009 to present.

In order to measure the net percolation across the caps, 85 m x
8.5 m x 0.6 m deep vented lysimeters (with provisions for pressure gonteoé
constructed in the middle of each test section. The rest ofghsetetion was built on an
existing intermediate cover that is temporarily covering uhderlying waste that was
placed in the landfill cell in 1990s. The instrumented area of tbie section was
expanded upslope and downslope of the lysimeter to monitor the watentcartten
and beyond the lysimeter footprint in order to assess the resulimdpdtween actual
evapotranspirative cover and underlying waste.

Over 70 sensors consisting of time domain reflectometry-based eaitent and
heat dissipation matric potential sensors as well as an autbmateorological station
were installed at the site. Water balance parameters lagasvgas pressures within the

cap and the waste were monitored. The data obtained from thenfrelstigation were
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used to evaluate the hydraulic differences between a lysiraate the corresponding
actual cap. A numerical study was conducted to determine thet eff¢ghe underlying
landfilled waste on percolation estimates for actual caps angrésence of capillary

barrier effect introduced by the geocomposite in the drainage layer ontlrgme

DISSERTATION ORGANIZATION
This dissertation has been organized into five sections. Each sectwntten as a
standalone technical paper.

The first paper describes the design and construction of Soalie-
evapotranspirative cap test sections that were built to evaloatelifference in the
hydraulic performance of a lysimeter versus actual caph (witderlying intermediate
cover or waste). The unique design of these fully instrumentedseéesions allows
comparative evaluation between the water balance of a lysi@eteactual cap under
field meteorological conditions.

The second paper compares the measured water balance datacdbbiom the
field test sections to the predictions made using the numericdélsr UNSAT-H and
VADOSE/W. The calibrated numerical model was used to estimate the pencaeatoss
the interface between the soil cap and underlying waste.

The third paper evaluates the effect of the underlying ldedfilvaste on
percolation estimates for actual caps. Long-term field-siaialations using UNSAT-H
were conducted to determine the correlation between the sodr veabrage and

percolation estimates for an actual cap and its corresponding lysimeter.
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The fourth paper discusses the occurrence of capillaryebaffiect when using
geocomposites as drainage layer at the base of the lgsgnat numerical investigation
using UNSAT-H was performed to assess capillary break oveerelif soil types
subjected to a wide range of specified fluxes. The fundamemgahanism involved
when capillary barrier effect occurs was presented and sdysmeéter field case studies
were re-analyzed to map key factors that identify significantlaeapibarrier effect.

The fifth paper presents a numerical method to estimate the Inatthiarge in a
vadose zone system using water balance models. A simple 1-Dttabaralumn test

was conducted to verify the proposed approach.
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PAPER NO. 1: FIELD-SCALE EVALUATION OF LYSIMETERS
VERSUSACTUAL EARTHEN COVERS

ABSTRACT

This paper presents the design, construction, and monitoring of two uncompacted and one
compacted clay field-scale test sections that were builtrestdimented at a landfill near
Detroit (Michigan) to capture the differences in the hydraulic and hydootegponses of
actual caps overlying the municipal solid waste (MSW) versus ctiteesponding
lysimeters. While the lysimeter pans were installed in tlogli®a of each of the three test
sections to measure percolation, the instrumented area of treed¢tish was expanded
upslope and downslope of the lysimeter to evaluate the effecedbwer boundary.
About 35 sensors were installed in each of the three tesbrsedtd monitor water
contents, water potentials, soil temperatures, water levelsgasmgressures. The soil
water storages for the uncompacted test sections that were unthgritne waste were
typically greater than those for the corresponding lysimeters. Howevéne compacted
test section, there was no significant difference betweendihevater storage for the
actual cap and the lysimeter. The percolation for the compadgdtedt section was
about few millimeters per year versus it was in tens of menérs for the uncompacted
test sections due to about two orders greater field hydraulic covities. The field data
collected in this project validates previously published numericalltsesegarding

hydraulic differences in lysimeters versus actual caps.
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INTRODUCTION
Earthen covers, or evapotranspirative (ET) caps, or ET final £@arer synonyms for
alternative form of final covers that have been permitted in the for$nunicipal solid
waste (MSW) landfills during the last two decades. Fieldeshgtrologic evaluation of
ET covers requires direct or indirect method of quantifying peroalahrough the soil
covers. For direct quantification, it is typically accomplishednsyalling water-balance
lysimeters where the earthen cap is underlain by a draiagge which is underlain by
an impermeable geomembrane to facilitate the collection of edbjaion through the
bottom boundary. Key feature of a lysimeter is the ability teatlly measure percolation
rate with a precision of about 0.5 mm/yr (Benson et al. 1994; Ward aed1G97,
Albright et al. 2002).

Lysimeter studies have been performed since the end of thedmilry (Seiler

and Gat 2007). In the past, lysimeters are generally construsted deep cylindrical

. 2 C . .
pots with an open surface area of about 1 Tilnese cylindrical lysimeters were typically

used for estimating groundwater recharge and were mecharbeddiyced to accurately
measure fluctuations in soil water storage and measure thedespation. For landfill
final cover application, pan lysimeters are more common. Thesedisis have much
larger surface area to capture the field-scale heterogeneiich as soil macropores and
fractures (Benson et al. 1994; Khire et al. 1997).

Changes in the soil water storage are determined by ingtallater content
sensors to monitor the water content across the soil cover proftézefsion berm is

usually placed around the perimeter of the lysimeter in order to divert sunfaufé from
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upslope of the lysimeter while directing the surface runoff withie lysimeter to the

collection system. Water balance of pan lysimeter can be expressgdgsiation 1-1.

ET=P—-R - RO -AS (1-1)

where ET is evapotranspirationP is precipitation Py is percolation,RO is surface

runoff, and AS is the change in the soil water storage during a specifiéodpef time.
ET is estimated if all other parameters in Equation 1-Ireasured. The estimated ET is
then compared from site-specific estimates of potential and actual ET.

While a lysimeter allows measurement of percolation througteiteséction, it is
important to evaluate the magnitude of percolation from a lysinvetsus through the
actual cover constructed on the waste surface. The lower boundarlysfater is a
zero flux boundary with lateral drainage occurring through a geocorapossigravel
drainage layer (Khire et al. 1997; Abichou et al. 2006). The bottom boumdanyactual
landfill final cover allows upward and downward flux of liquid, vapor and hegoss the
interface of the waste (Khire and Mijares 2008). Hence, even tHgsigheters represent
one of the best means of measuring percolation through a soil cowaterg the
hydraulics and hydrology of the system.

Khire and Mijares (2008) carried out numerical modeling of lgsers versus the
corresponding actual earthen caps placed on a waste layer lusi@¢Dt water balance
model Vadose/W (Geo-Slope 2007). Results from this numerical stuliyaie that

percolation rates obtained from lysimeters are greaterthiwse for earthen caps that are
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underlain by MSW. Mijares et al. (2010) illustrated numeric#iigt the soil water
storage for lysimeters is typically less than that forhemrtcaps that are underlain by
MSW and that greater soil water storage capacity corresporad®wer percolation rate.
Because regulations often require percolation to be relativelyl, sing critical to
evaluate the equivalency of percolation measured by a lysitoed@requivalent cap that
is underlain by MSW. Geo-Slope (2007), Bews et al. (1997), and Paraht(2006)
have presented numerical results of lysimeters and the effdepth of lysimeter pan on
the percolation measured by lysimeter. Geo-Slope (2007) studysed on fixed
infiltration upper boundary. In addition, the lysimeter simulated in GepeS(2007) is
horizontal. The field study presented in this paper focuses ¢ineaddysimeter which

had atmospheric boundary (transient flux).

OBJECTIVE

The key objective of the field study presented in this paperasdess the hydraulic and
hydrologic differences between an actual cap and the corresponsimgtgr. In order to
meet the objective, three earthen cap test sections wenemesited and field data was

collected for a period ranging from one to three years.

DESIGN AND CONSTRUCTION OF TEST SECTIONS

Field-scale ET caps were constructed at a landfill located Detroit, Michigan. The
landfill site is situated in a sub-humid climate where dlierage annual precipitation is
approximately 84 cm and potential evaporation to precipitation raPjHs about 1.2.

Two tests sections, each 15 m wide by 30 m long, were built omdsigvard facing side
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slope of the landfill. Performance monitoring for the test secticass divided into two
phases: (1) uncompacted earthen cover investigation from Septembeo Z¥tember
2009; and (2) compacted earthen cover investigation from October 2009 to .pfesent
construct the test sections that represent an ET final covéndaite, native glacial till
soils (USCS Classification: CL) were used for constructing the sadrnsatrage layer.
The Phase 1 construction and monitoring consisted of assessirgyttienecaps
under a scenario where the native clay was not compacted. The tieadest sections
were not compacted was to simulate a conservative scenahmlfar overall hydraulic
conductivity of the storage layer of the cap, potentially resultinigss increase or no
increase in the overall hydraulic conductivity of the clay dueott penetration and
desiccation. In addition, to enhance ET from the test sectionydwding more pore
space for the plant roots to reach greater depths quickly inghsetetions. The Phase 2
consisted of constructing and evaluating a test section thatevapacted at dry of
optimum water contents to reduce the overall hydraulic conduct¥itge cap which is

the typical practice for covers designed as hydraulic barriers.

Test Section Layout

During the Phase 1, which was completed in September 2007, two 133t rhyfield
test sections were constructed side-by-side on a landfill soe.sThese dimensions
were selected based on previous field studies which indicatechédsa timensions are
large enough to capture the field-scale effects (Khire.et987; Albright et al. 2002).
Average slope in the area is about 1V to 6H consisting of an existergnediate cover

that was placed in the landfill cell in 1990s. One test section was located ontthsider
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and the other on the south side. In the Phase 2, during October 2009, the north test section
was excavated and removed and a new compacted test section wascthsind
instrumented. However, the south test section constructed in the Pastilllbeing
monitored. The north and south test sections constructed in the Phasgisted of 1.0

m and 1.5 m thick uncompacted native clay cover overlain with a Gl8ak topsoil

layer, respectively. In Phase 2, the new north test section amasructed using 1.5-m

thick compacted native clay overlain with a 0.3-m thick topsoil layer.

Figure 1-1 shows the typical cross-section of the instrumergsd sections
illustrating the relative locations of the sensor nests inclutheglysimeter pan. The
lysimeter consisted of a trapezoidal excavation in the middéach of the test sections
having plan view dimensions of about 8.5 m x 85 m x 0.6 m deep. As shown in
Figure 1-1, the instrumented area of the test section was exbamm#ope and
downslope of the lysimeter to monitor the water contents, water tiad$erand soil
temperatures within and beyond the lysimeter footprint to asseksc@npare the
hydrologic response of the lysimeter versus the actual earthpnplaced on the

underlying waste.

Test Section Construction

Construction of the uncompacted field test sections was undertakenAfugost to
September 2007. The construction began with excavating and scraping off the
intermediate cover followed by the installation of pan lysimetehe middle of each of

the test sections. The clay cover was placed using a track tdozeild the earthen cap.

The clay lift thickness was 30 cm. A specialized company suasontracted to install
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Figure 1-1: Typical cross-section of instrumented three field tesbrecti

24



sensors in the MSW underlying the top and bottom sensor nests asishegyare 1-1.
The entire test section was seeded with native grass seedsrot@rvegetation growth
for erosion protection and to enhance ET. A 1.5 m deep diversion trescbonstructed
upslope of the test sections to divert surface runoff from uphill.

In the Phase 2, during October 2009, the north test section wagateed and

removed and a new compacted test section was constructed and instrumented.

Lysimeter I nstallation

In order to directly measure percolation, an 8.5 m by 8.5 m lysirpatewith an average
depth of 0.6 m was installed in the middle of each of the thresdesbons (Figure 1-1).
The lysimeter was lined using a geosynthetic clay liner (GCL)awdny a 1.5 mm thick
high-density polyethylene (HDPE) geomembrane. The lysimeder was filled with
clean pea gravel having an average hydraulic conductivity equalkcio/sl An insect
mesh made up of polymer having an average opening size of 1 siplacad on the top
of the gravel surface before the clay was placed to minimize the intrusime®frito the
lysimeter.A perforated 7.5 cm diameter HDPE pipe was installed in the dgpem of
the pea gravel and vented to the atmosphere to create a veaitedgd boundary
(Figure 1-1). This boundary can be subjected to a fixed or varialdsypes(or suction)
to create other boundary condition effects for future researctestuduring the phases
of the study presented in this paper, the upper boundary of the grggelwas at
atmospheric pressure. The lower boundary was impermeable to alltegtiool and
monitoring of percolation. Mijares et al. (2010) carried out nuraémodeling of the

lysimeters using UNSAT-H and Vadose/W and showed that while the gpavel
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drainage layer theoretically could act as a capillary breactipally, it did not perform
as a capillary break.

Quantity of water percolated through the cap directly above #giméyer has
been measured by a water level transducer placed at the baftteath lysimeters as
shown in Figure 1-1. A 30 cm long time domain reflectometry (TDRj)ewcontent
sensor was vertically placed in the gravel next to the watel kransducer to have a
back-up measurement of the water level for data verificathorother water level
transducer and a TDR water content sensor were installed abauayhalbslope within
the lysimeter. The lower water level sensor was placed irsite® cm diameter HDPE
perforated HDPE pipe placed at the bottom of the lysimeter gachwan across the
entire width (8.5 m) of the lysimeter. A set of two 1 cm diam#éxible HDPE tubing

was placed in the conduit to pump the drainage collected in the lysimeter.

Soil Placement

Native clay (CL) was used to construct the earthen coveseeibns and was obtained
from on-site borrow pits. During Phase 1, the soil was placed withma compaction
effort using a track dozer at its natural water content of ab@#t. The clay was placed
in 30 cm thick lifts. Soil samples were collected for furthalooratory testing and
characterization. Table 1 shows the physical properties ofdite sed for the test
sections. Low plasticity clay was used for the soil watenagie/hydraulic barrier layer in
the soil cover whereas low plasticity silt was used for theoibpsyer. The hydraulic
conductivity of the uncompacted clay was measured in the field asihgn by 1 m

single-ring infiltrometer (ASTM D5126; Guyonnet et al. 2000) anda¥werage value of
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the conductivity is 1_6' cm/s. The water contents and dry unit weights of the

uncompacted clay were measured in the field using Shelby tubeesaogtiected from
the various lifts (Figure 1-2). The dry unit weight of the uncompadimg was about

85% of the maximum dry unit weight for the Standard Proctor effort.

Table 1-1: Properties of cover soils used in the test sections.

. Storage L ayer
Property Topsoil (Native Glacial Till)
USCS Classification ML CL
D1o (mm) 0.00092 0.00020
Dso (mm) 0.070 0.0065
Dgo (mm) 0.091 0.014
Cu 99 70
Cu 11 0.70
Liquid Limit (LL) 25 29
Plasticity Index (PI) 3 13
Optimum Water Content (%) for
Standard Proctor Effort 15.7 134
Maximum Dry Unit Weight (kN/rﬁ) for 17.4 18.5
Standard Proctor Effort ' '
Hydraulic Conductivity (cm/s) — -4 4.
Uncompacted Test Sections 1x10 (Lab) 1x 10 (Field)
-7
Hydraulic Conductivity (cm/s) — 4 2x10 (Lab)
Compacted Test Sections 1x 10 (Lab) 1 x 10'6 (Field)
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Figure 1-2: Proctor compaction curves and field water contents and unitsveight

For Phase 2, where a compacted clay cover was constructedayhieoch the

same borrow area was used to build the test section. The tdaydife compacted using

a sheepsfoot compactor at the dry of optimum water content. Thevatagompacted in

30-cm thick lifts. The water content and dry unit weight of the catepaclay was

measured using a nuclear gauge (Figure 1-2). The field waittents, on average, are

about 4% dry of the optimum water content. The field dry unit weigimsverage, are

about 98% of the maximum dry unit weight for the Standard Proctort.efihe average

hydraulic conductivity measured using 10 cm diameter sample itexéblé wall
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permeameter was 2.2 X_ZOcm/s (ASTM D5084). The hydraulic conductivity of the

compacted clay was also measured in the field using a 1 m by singte-ring

infiltrometer and the average value of the conductivity i§6 16m/s. The field

conductivity is representative of the test sections becausézthefghe clay sampled is
larger than the size of the clay clods observed in the fiel@0 &Am thick topsoil layer
consisting of uncompacted silt was placed on top of the compactedisitay a track

dozer and seeded to grow native grass and shrubs.

Pump Set-up

A pumping system was installed at the site for the removpeafolated water that was
collected by the lysimeter pan. A 0.5-hp self-priming utility purmgs vattached to the
drainage tubes that extended from the lowest point in the lysipate(Figure 1-1). The
lower boundary of the lysimeter was impermeable to collect areé $he percolation
until it was pumped. The upper boundary of the gravel layer was ventelde to
atmosphere to maintain atmospheric pressure on the lysimetentpah is consistent
with previous lysimeter studies. A check valve was used at teegalt of the pump to
maintain sufficient amount of water inside the pump for self mgmiThe pumps
discharged outside and below the catchment of the monitoring area.

The pump was controlled remotely using an electrical relaycwihich was
turned on or off based on the level of water in the lysimeter faa lysimeter was not
allowed to overflow by monitoring the water level in the lysienetn a weekly basis
based on the readings continuously recorded by the datalogger for akribers at

30-min interval over a period that ranged from to 1 to 3 years for the threectestise
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INSTRUMENTATION

Instrumentation at the site consisted of two weather stationseasdrs to monitor in-

situ volumetric water contents, soil water potentials, tempemtgas pressures, and
water levels of percolated water in the lysimeter pangurBi 1-3 illustrates the

comparison of the measured precipitations from the two on-site westltions and a

weather station located about 15 km from the site that is monibgrétational Oceanic

and Atmospheric Administration (NOAA) which also included the snow measurements.
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Figure 1-3: Comparison between on-site and NOAA recorded precipitation.
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Nests of sensors were installed upslope and downslope of the lyspaetein all
test sections as shown in Figure 1-1. The instrumentation also exktemibe the
underlying MSW to about 4.4 m depths below the earthen caps. The wstaiens
recorded: hourly precipitation and air temperatures, barometassyres, relative
humidity, wind speed, and solar radiation. The data was recorded uslatalagger

installed at the site which was accessed remotely using a wirelessimode

Water Level and Pressure Transducers

Pressure transducers were used to measure the water lelel lysimeter pans. The
pressure transducers are made by Keller (Model No. CS431). Beesers have a
measurement range of 0 to 90 cm with 0.1% accuracy. Simalasducers rated for a
higher pressure of up to 105 kPa were used to monitor the gas psasstire cap and
the underlying MSW. These sensors are 8.5 cm long and have aatiah&2 cm. The
sensor provides a temperature-compensated analog output proportional tobteet a
pressure or the water level above the transducer. It also carfsssBmm diameter vent
tube that connects the hollow chamber behind the diaphragm to the atreptipérefore
requiring no barometric pressure compensation. A thermistor is entbedtlen the
transducer to measure ambient temperature to correct errattse ivibrating wire
measurement caused by the changes in the temperature. Fnistatiation in the field,

the pressure transducers were calibrated and tested for accuracy.
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Water Content Sensors

Volumetric water contents were measured using time domaftect@ameters
manufactured by Campbell Scientific (Model CS 616). The sensorstedsof two
stainless steel rods, each 30 cm long with a diameter of 3.2p&aced 3.2 cm apart. A
calibration curve was developed for the soils used to build the t#ginseas well as for

the MSW that existed below the test sections. Equation 1-2 pset®@ntcalibration

equation that converts the time period, (us) measured by the water content

reflectometer to the volumetric water conteé) (of the clay (CL) used as the storage

layer.
0= 3.86E—053 - 2.55E—032 + 6.89E-02 - 6.15E-01 (1-2)

Accuracy of the field measured water contents using the waiatert
reflectometers were checked from time to time by coligcsoil samples from various
depths within the test sections which included the topsoil as w#ieasnderlying clay.
The destructive samples were collected from outside the footprihiedfsimeter or at
least 8 m away from any instrumentation to minimize any infteeon the long-term
measurements. Figure 1-4 shows the water content profile obtaoradttie samples
collected in the field (October 2009) compared to the water content profile abtesimg
the in-situ water content reflectometers at the time of ghgsical sampling. The
calibrated water contents measured by the sensors cloa&th the field measurements

using Shelby tube samples. Equation 1-3 presents the calibration eghati@onverts

32



the time periodX (us) measured by the water content reflectometer to the volametr

water content@) of MSW that was sampled from below the test sections.

0 = (47.58 - 1.04) ~ (-0.83) (1-3)
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Figure 1-4: Water contents measured in the field using waetent reflectometers
versus using Shelby tube samples.

Soil Suction and Temper ature Sensors
Heat dissipation matric potential (HDMP) sensors were usedetasure the soil water

potential in the field. The senor is manufactured by Campbedh8iic and has a model
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number 229-L. The sensor consists of a cylindrical-shaped porous ceretnix with
heating element and a thermocouple embedded in its center. Haalse, nmeasures soll
temperature. The total length of the sensor is 6 cm and it hasnatér of 1.5 cm. Soil
water potential is indirectly determined using heat dissipatihe sensor is gradually
heated for a fixed time period by applying a current to the ngaiement and the
increase in temperature is measured by the thermocouple. Thetudagoif the
temperature rise represents the heat that is not dissipatasl ematrolled by the water
content of the porous ceramic matrix, which changes as the surrowsadingets and
dries, because water conducts heat more readily than air or vacuum.

Soil water potentials ranging from -2500 to -10 kPa can beiepusing these
sensors. The air entry pressure of the sensor is about -10 kPaeegfdrthit cannot
measure potentials above this value because the matrix reratireted until it reaches
the air entry value. Because of variability of heat transfepgnties among sensors, all
heat dissipation sensors used in the field were calibrated indiyichetibre they were
deployed in the field. The procedure is presented by Flint eR@D2j. A thermistor
sensor that looks similar to a pencil was inserted in the grouretsuwsf each of the test

sections to monitor the ground freeze and thaw.

Per colation Monitoring

Percolation collected by the lysimeter pan installed in the midtleach of the three test
sections was monitored by measuring the depth of water. Watds liwere measured
directly using two pressure transducers and indirectly using 3egtime domain

reflectometers placed vertically next to the pressure traessluThus, the upper TDR
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water content sensor was placed in the upper 30 cm of the gravelgérdayer which
was in direct contact with the clay soil of the ET covers.

Figure 1-5 shows the calibration curve for estimating the Bt@mpercolation
from the depth of water ponded in the lysimeter pan. Figure 1-5 also shows théeaquiva
volume of water in the lysimeter as a function of the medsuvater level. The
calibration curve was determined from volumes estimated forfepeeiter levels using
the as-built dimensions and layout of the lysimeter pan. This hasJsei#ied during
pumping events wherein the water outflow rates that were indemnaecasured are

compared with the estimated rate of decrease in the volume ef wtared in the
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Figure 1-5: Lysimeter water level, volume, and percolation relations.
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lysimeter pan. The maximum water level in the lysimeteotgethe lysimeter would

overflow is 60 cm. At the maximum water level, the correspondiagmum percolation

that can be recorded is about 35 mm or 2?’5Tinus, about 1 cm rise in the water level

correspond to about 0.5 mm percolation.

Figure 1-6 shows the use of TDR sensors to indirectly monitorcanfirm the
water level in the lysimeters. Figure 1-6 shows that thema@intent versus the water
level relationship is close to linear. While the water conteadings recorded by the

TDR sensors installed in the gravel drainage layer ofythienketers were never used to
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estimate the quantity of percolation, the data served as an inéepearebck on water
levels monitored by the pressure transducers. The pressure transduiegs coupled

with outflow measurements were used to monitor percolation.

RESULTSAND DISCUSSION

Soil Temperatures
Figure 1-7 presents an example of seasonal variation of sgiktatures observed across
the uncompacted south test section. The plot shows the values rdeasurbe

temperature probe placed on the ground surface as well as then ltbdtsistor in heat
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Soil Temperature ( 0C)
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Figure 1-7: Seasonal temperature variation across the test sections.
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dissipation matric water potential sensors installed at variquitslat the middle nest of
the uncompacted south test section. The expected trend is evidentatatweherein the
soil temperature drops during winter and peaks during summer. lissabeseen that
the soil temperature on the ground surface fluctuates sigmtiffcaince it is directly
exposed to atmospheric condition. On the other hand, the soil temperasuwesesding
depths show successive damping of fluctuations. This pattern is alsowedbgor the

other nests of sensors from both test sections.

Soil Water Storage

Phase 1. Uncompacted North and South Test Sections

Soil water storage of all three test sections (Phases 2)amals calculated by integrating
the recorded volumetric water contents across the profile usin0Odmein readings.
Figure 1-8 presents the measured soil water storages obtaimedtife sensor nests
placed within the lysimeters versus upslope and downslope of theelgss constructed
during the Phase 1. Percolation was measured for the middle reestsof's which was
installed above the lysimeter pan.

Figure 1-8(a) shows that, generally, the soil water storfagele portions of the
test sections that are placed on the MSW (NT, ST, NB) amegréhan those for the
portions placed above the lysimeters (NM and SM). For the uncompaattd test
section, the average soil water storage for the lysimete(by was 31.2 cm whereas
the storages were 40.3 cm and 33.1 cm for the top (NT) and bottom (NB) ne

respectively, that were placed in the portions of the test seetioich were underlain by
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uncompacted test sections.
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MSW. The peak soil water storage for NM was 44.2 cm whereasdt48.6 cm and
42.9 cm for NT and NB, respectively. The average soil wateagadior the lysimeter is
less than that for the actual caps.

For the uncompacted south test section, which had about additional 45 ley of ¢
compared to the north test section, the average soil water sforatpe lysimeter nest
(SM) was 50.5 cm whereas the storage was 51.0 cm for the topé€StTthat was placed
above the MSW (Figure 1-1). The peak soil water storage fow88/62.2 cm whereas it
was 63.3 cm for ST. The bottom nest in the south test section a@dph the existing
intermediate cap placed on the landfill cell in 1996. Data fdrrthst is not presented in
this paper. That data is being used to assess long-term chiantes water holding
capacity of the test sections. During July to September 2008, theateil storage in the
upper portion of the south test section (ST) drops below the lysipation of the test
section (SM). During this period, according to Figure 1-8(b), ivelgt small
precipitation and percolation were recorded. This shows that thevai@t storage was
depleted primarily due to ET.

Figure 1-9 shows the comparison of measured soil water std@ageee actual
caps in the north and south test sections versus the soil wategestdi@a the
corresponding lysimeters. The 1:1 line indicates equal soil wsiteages for the
lysimeter and the actual cap for the measurements done sartteemoment. The points
above the line indicate that the soil water storage for thelagtpas greater than that for
the corresponding lysimeter and vice versa. About 97% of the data phister together
above the 1:1 line for the north test section while about 69% of théoddlee south test

section. The average of the ratios of soil water storagesdadtual caps to those for the
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corresponding lysimeters for the uncompacted north and south teshseaie 1.17 and

1.00, respectively.
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Figure 1-9: Correlation between measured soil water stofagbsimeters versus actual
caps for uncompacted test sections.

Using the numerical model Vadose/W, Mijares et al. (2010) demtetbtitzat the
soil water storages for lysimeters are expected to béHasshose for the corresponding
actual caps because depending upon the soil water retention fundhenspil cover in
the actual cap is able to pull water upwards from the wagée ta maintain its higher

soil water storage. In addition, they also concluded that as the tbsclafethe cap
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increases, the difference in soil water storages betweenacheal cap and the
corresponding lysimeter shrinks. Thus, the soil water storageeotdhth lysimeter,
which is thicker than the north test section, is closer to the spmneling cap.
Furthermore, Mijares et al. (2010) also numerically demonstratddgteater soil water
storage represents lower percolation. Hence, while percolatiorsaluthe actual caps
cannot be measured in the absence of a lysimeter, it can bednfieat the percolation
measured in the uncompacted north lysimeter is on the consersiditveompared to the
percolation that must have entered into the waste in the nortlseesdon while the
percolation measured in the uncompacted south lysimeter is cdotber percolation that

must have entered into the waste in the south test section.
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Figure 1-10: Water contents in the test section and in the underlying waste.
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Figure 1-10 shows the water contents measured in the NT ndst abrth test
section. Figure 1-10 shows that the changes in the water contents during a goekofper
time are greater at shallower depths compared to at deepdis.déptaddition, the
increase or decrease in the water contents from top down (or opposite diretioovy a
relatively sequential pattern similar to sinusoidal waves wihase shift. The water
content of the underlying waste also increases and decredbesveaster contents of the
clay cap increase or decrease. Thus, in an actual cap, tlcergimuity in the water flux
across the cap and the waste interface which impacts thatodegof the flux depending

upon the hydraulic properties of the cap and the waste (Mijares and Khire 2008).

Phase 2: Compacted North and Uncompacted South Test Sections

The soil water storages and cumulative percolation for the compaatt#dtest section
constructed during the Phase 2 of the project are presented in EiglreThe Phase 2
data spans from the end of October 2009 to October 2010. For comparison, \weesoi
storages and cumulative percolation for the uncompacted south tést see presented
in Figure 1-11(b). The compacted north and uncompacted south teshsexte both
1.8 m thick and contain 1.5 m thick native clay storage layer. Compaaton
Figures 1-11(a) and (b) demonstrates that the changes in thgaseil storage for the
uncompacted test section are larger and steeper followigppagon events or when
the soils dry out between the successive precipitation eventsompacted test section,
which has about two orders lower hydraulic conductivity compardtie uncompacted

test section, is shedding more water as runoff (or latenal\ftithin the vegetative layer)
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and hence not showing increase in the storage as rapid as sdendacompacted test
sections.

The compacted test section reached peak soil water storaggoof 65.6 cm
versus the uncompacted test section that reached peak storage ddGabBarrh which
occurred at about the same time as that for the compactecettisns Due to lower
hydraulic conductivity, the compacted test section was ableote store water. More
soil water storage translates into lower percolation (Mijates. 2010). The compacted
test section had about 6.7 mm of percolation during the one year munperiod and a
majority of the percolation was observed when the soil wateaggqreaked in July 2010
(Figure 1-11a). During the same time period, the uncompacted sause¢gen had 157
mm of cumulative percolation.

Figure 1-12 shows the comparison of measured soil water storagés factual
cap in the compacted north test section versus the soil watagesorfor the
corresponding lysimeter. About 80% of the data points are abovebant 20% of the
data points are below the 1:1 line for the compacted test sectioavétrege of the ratios
of soil water storages for the actual caps to those for tmespanding lysimeter for the
compacted north test section is 1.07. This average value of the rabiousthe same as
that for the uncompacted south test section. Mijares et al. (20h@)uded that as the
thickness of the cap increases or the hydraulic conductivity otdpedecreases, the
difference in soil water storages between the actual caphancbtresponding lysimeter
shrinks. Hence, due to lower hydraulic conductivity, the soil waterage of the

compacted north lysimeter is about the same as the corresponding actual cap.
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Figure 1-12: Correlation between measured soil water storagesifoelgs versus actual
cap for the compacted north test section.

Using numerical simulations carried out using Vadose/W, Mijatesl. (2010)
demonstrated that when the soil water storage of the lysinsetdrout the same as that
for the actual cap, the percolation measured from the lysineter be assumed
representative of the percolation entering the waste in anl ampa Hence, while
percolation values for the actual caps cannot be measured abgbece of a lysimeter,
it can be inferred that the percolation measured from the aietpanorth lysimeter
(~ 6.7 mml/yr) is closer to the percolation that must have entatedhe waste in the

compacted north test section.
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SUMMARY AND PRACTICAL IMPLICATIONS

This paper presents the design and construction of two uncompactedeandmpacted
field-scale earthen cap test sections that were built acunmsnted at a landfill to
evaluate the differences in the hydraulic and hydrologic resparisactual caps
(underlain by the waste) versus the corresponding lysimeters afeahised to measure
percolation. Lysimeter pans were installed in the middle df e&the three test sections.
The instrumented area of the test section was expanded upslope amlogewof the
lysimeter to monitor the soil water storages within and beyontysimaeter footprint to
evaluate the effect of lysimeter lower boundary.

About 35 sensors were installed in each of the three test settioranitor water
contents, water potentials, soil temperatures, water levelsgamgressures. The data
collected during the Phase 1 shows the hydrologic performanee afrtcompacted test
sections having 1.35 m and 1.8 m total thicknesses. The Phase 2 datatlsbows

hydrologic performance of two test sections having the sam&n#dsgs (1.8 m) but

different hydraulic conductivities (~iA0cm/s and 1_8 cm/s) due to one being compacted

and the other not.

The soil water storages for the uncompacted test sections undsrlthe waste
were typically greater than those for the corresponding lysimekéowever, for the
compacted north test section constructed in the Phase 2, ther@owsgnificant
difference observed between the soil water storages for thal @efp and the lysimeter.
The field data collected in this project validates the numefindings of Khire and
Mijares (2008) and Mijares et al. (2010) which demonstrated thandysrs would

underestimate the soil water storage and overestimate the gbercoHowever, the
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difference in these parameters for lysimeters and actual caps shtimktheckness of the

cap is increased and/or the hydraulic conductivity is lowered.
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PAPER NO. 2: FIELD DATA AND NUMERICAL MODELING OF
WATER BALANCE OF LYSIMETER VERSUSACTUAL EARTHEN
CAP

ABSTRACT

In order to evaluate the differences in the hydrologicaloperdnce of actual earthen cap
overlying municipal solid waste (MSW) versus lysimeter whielcommonly used to
measure the hydrologic water balance, a field-scalesgéesion (30 m X 20 m X 2 m) of
an earthen cap made up of compacted native glacial clay wasruoted and
instrumented at a landfill near Detroit, Michigan. Lysimeter pas installed within the
middle of the test section and the instrumented area of thedetsdn was expanded
upslope and downslope of the lysimeter to monitor water balance garamgthin and
beyond the lysimeter footprint to evaluate the effect of adlfidrainage boundary
introduced by the lysimeter. About 50 sensors were installed to enonéteorological
parameters, water contents, water potentials, soil temperatwaer levels, gas
pressures, percolation, and subsurface lateral flow.

Water balance model UNSAT-H was used to simulate the watance of the
test section. UNSAT-H was able to predict the percolationivelg accurately. Relative
changes or trends in the soil water storage were generallyasely captured by the
numerical model. The numerical model that was validated forySiméter was used to
simulate the water balance of the actual cap where theasplaced on MSW. The net
percolation over the monitoring period estimated by UNSAT-H actiossinterface
between the cap and the underlying landfilled waste was nedapward) as well as

positive (downward into the waste). However, net percolation from thealacap
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estimated by UNSAT-H was relatively close to that measiny the lysimeter. Thus, the
field data and modeling results indicate that the soil cap éstalppull moisture from the
underlying waste under evapotranspirative gradients. In addition, the ioaimer
simulation results indicate that soil water storage can be $sad edicator of relative

percolation for the actual cap with respect to the percolation measuree lygitneter.

INTRODUCTION

Earthen caps, also known as evapotranspirative (ET) covers, hamecbeenonly
permitted for landfills located in arid, semi-arid, and sub-huatiitiates (Khire et al.
1999; Albright et al. 2004; Scanlon et al. 2005) in lieu of prescripgyps which require
the use of flexible membrane liner (FML) or geomembrane (G@Wpically, evaluating
the hydrologic performance of ET caps requires the installaifolysimeters at the
proposed site to measure the percolation through the cap.

Because field demonstration projects usually span only for feve,yeamerical
models are often used to predict the long-term performance ehttieen cap. Numerical
studies on lysimeters typically neglect the effect of the uyider waste (Khire et al.
2000; Benson et al. 2005) because percolation is immediately cdlldoteugh a
drainage layer placed above the geomembrane that lines its dwitordary. While the
geomembrane allows the infiltrated water through the cap phiscally collected and
measured, it prevents the upward flux of liquid and vapor from the waass or
subgrade layer located below the cap under evapotranspirative gragiéms and
Mijares 2008; Mijares et al. 2010). It may also alter that kex from the waste mass

that is present below the cap which may influence the estthparcolation for the actual
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cap. When proposed alternative earthen cap is approved and codstrtiate
geomembrane and the drainage layers used for the lysimeteg dietd demonstration
are not placed. Several studies have identified this conceptuadedife (Scanlon and
Milly 1994; Abichou and Musagasa 2008; Khire and Mijares 2008). The contegns s
due to the inherent hydraulic differences in the lysimeterth@dactual cap influencing
the percolation. The percolation needs to be relatively smallrfewper year) in order
for the regulatory agencies to approve the alternative cap. Hémeeaccuracy in
measuring and projecting long-term percolation for the actuaheags to be relatively
high.

A field-scale demonstration project was undertaken to evaluateséhef earthen
cap in Detroit, MI which is considered to have sub-humid climEte. test section was
built and instrumented at a landfill site. Lysimeter pan wasliest in the middle of the
test section to measure percolation. Moreover, the instrumentedfattea test section
was expanded upslope and downslope of the lysimeter to monitor theasailstorage
within and beyond the lysimeter footprint. The unique design of the¢eson allowed
comparative hydrologic evaluation between an actual earthen caplé&mdsr MSW)

versus the corresponding lysimeter.

OBJECTIVE

The key objective of the study was to evaluate the hydrolodiffarences between an
actual earthen cover versus the corresponding lysimeter. Pemolatd soil water
storage measured from the lysimeter portion of an instrumeigieldstale test section

were used to verify the numerical model UNSAT-H. Because péi@olaannot be
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directly measured without the lysimeter pan, the validated noahenodel was used to

predict the percolation for the actual cap placed on the existing MSW.

FIELD-SCALE TEST SECTION

A field-scale earthen cover test section, 30 m long by 20nyg, lwas constructed at a
landfill located in Detroit, Michigan. The site is situated utv-$fiumid climate where the
average annual precipitation is 84 cm and has a potential evaporatioecipitation
ratio (PE/P) of about 1.2. Average slope of the landfill is about BHtoonsisting of an
existing intermediate cover that was placed on the wastaanlP90s. The test section
was constructed using a 1.5-m thick native glacial till (claigich was overlain by a
0.3-m thick topsoil layer. The clay was compacted at dry of optimaterwcontents to
minimize potential for desiccation cracking.

Figure 2-1 shows the cross-section of the instrumented testrsiictstrating the
relative locations of the sensor nests including the lysinpeter The lysimeter consisted
of a trapezoidal excavation in the middle of the test section ¢pglam view dimensions
of about 8.5 m by 8.5 m with an average depth of 0.6 m. The lysimetdinedsising a
geosynthetic clay liner (GCL) overlain by a 1.5 mm thick higmsity polyethylene
(HDPE) geomembrane. The lysimeter pan was filled with cleangoavel having an
average hydraulic conductivity equal to 1 cm/s. A polymer insect mesh havingrageave
opening size of 1 mm was placed on top of the gravel surface leéoctay was placed
to physically separate the clay from the drainage gravehgidield placement. An
HDPE pipe having 7.5 cm diameter was installed within the peelgaad vented to the

atmosphere to create a vented drainage boundary. This boundary can bedubja
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Figure 2-1: Cross-section of instrumented field test section.
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fixed or variable pressure (or suction) to simulate other fegldditions for future
research.

The instrumented area of the test section was expanded upslope arstbgevof
the lysimeter (Figure 2-1) to monitor the water contentemaodtential, gas pressure, and
soil temperature within and beyond the lysimeter footprint in ordassess and compare
the hydrologic performance of the lysimeter versus the adoatr placed on the
underlying waste. The upper and lower sensor nests were placed diagonsdlysaslope
(in plan view) with respect to the central lysimeter nesthsb the sensor nests located
upgradient on the slope could not influence the water balance meagutied fensor

nests located downgradient.

Soil Properties
Native soil which is a glacial till was used to build the earthen cover tg&irselhe clay
was compacted in 30-cm thick lifts using a sheepsfoot compaictry eof optimum
water contents as shown on the compaction curve in Figure 2-2s&@oples were
collected for further laboratory testing and hydraulic charaetiion. Table 2-1 shows
the physical properties of the soils used for the test sections. Low ipfaday (CL) was
used as the storage layer whereas low plasticity silt (ML) wasfas#tk topsoil layer.
The water content and dry unit weight of the compacted clay measured
using a nuclear densometer (Figure 2-2). The field water contentserage, are about
4% dry of the optimum water content. The field dry unit weights, onageerare about
98% of the maximum dry unit weight of the Standard Proctor effdre Rydraulic

conductivity of the compacted clay was measured in the lab usingnl@iameter
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samples in a flexible wall permeameter (ASTM D5084). The geetab value of the

hydraulic conductivity was 2.2 x 17OCm/s. The hydraulic conductivity of the compacted

clay was also measured in the field using a 1 m by 1 nhesiirgy infiltrometer (ASTM

D5126; Guyonnet et al. 2000) and the average value of the conductivity is 4.4 X
10'6 cm/s. Field conductivity was used for the modeling because dnisidered more
representative due to the larger size of the soil sampled. An3thick topsoil layer

consisting of uncompacted silt was placed on top of the compactedisitay a track

dozer and seeded to grow native grass and shrubs. Single-iitrgriréter tests were
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Figure 2-2: Proctor compaction curves and field water contents and unitsveight

58



Table 2-1: Physical properties of the soils.

Property Topsoil (NaSttiSrean;IeachI/e'rrill)
USCS Classification ML CL
D10 (mm) 0.00092 0.00020
Dsg (mm) 0.070 0.0065
Dgo (mm) 0.091 0.014
Cu 99 70
Cc 11 0.70
Liquid Limit (LL) 25 29
Plasticity Index (PI) 3 13
i [
Omimun st om0 | 157
Maximum Dry Unit Weight (kN/n%) for 17.4 18.5
Standard Proctor Effort
Hydraulic Conductivity (cm/s) 1x 1(52(Field) 2% 10—_:3(L6_1b)
4.4 x 10" (Field)

also carried out on the vegetative layer and the average value adnductivity is about

1X 102 cmis.

I nstrumentation
Instrumentation at the site consisted of two weather stationsemsdrs to monitor in-
situ volumetric water contents, soil water potentials, tempestgas pressures, and

water level of percolated water in the lysimeter pan. Subseitateral flow through the
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topsoil layer was measured using a lateral trench connected tiggpiag bucket
(Figure 2-1).

Total three nests of sensors were installed within the gteincatchment and up-
gradient and down-gradient of the lysimeter as shown in Figdrelrge instrumentation
also extended into the underlying MSW to about 2.5 m depth below ttheraap to
monitor the water contents, temperatures, suctions, and gas presguresweather
stations recorded precipitation, air temperature, barometrisyregsrelative humidity,
wind speed, and solar radiation. The data was recorded at 30-rarmalntising a
datalogger installed at the site which could be accessed remotely usiredezsumodem.

Quantity of water percolated through the cap directly abovdytimeter was
measured by a water level transducer placed at the bottdme bfsimeter (Figure 2-1).
A 30 cm long time domain reflectometry (TDR) water contemtsse was vertically
placed in the gravel next to the water level transducer to d®aek-up measurement of
the water level. Another water level transducer and TDR watetent sensor were
installed about halfway upslope within the lysimeter. The loweemlavel sensor was
placed inside a 10 cm diameter perforated HDPE pipe placed diottem of the
lysimeter pan which ran across the entire width (8.5 m) of theéysr (Figure 2-1). A
set of two 1 cm diameter flexible HDPE tubing was placethéconduit to pump the
drainage collected in the lysimeter.

A 0.5-hp self-priming pump was installed at the site for the rehafyaercolated
water that was collected in the lysimeter pan. The pumghaiged water outside and

below the catchment of the test section. The lysimeter resh@regrcolation) was
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measured and confirmed by continuously monitoring: (1) water lexkeitysimeter; (2)

water content of the drainage layer of the lysimeter; and (3) rate of pumped outflow

NUMERICAL WATER BALANCE MODELING

The public domain finite-difference water balance model UNSAV4t. 3.0 (Fayer
2000) was used to numerically simulate the hydrologic performainttee instrumented
test section. UNSAT-H numerically solves a modified form ofhards’ equation to
calculate the flow of water through both saturated and unsadusatl(s). UNSAT-H can
simulate water and heat flow processes in one dimension (1-D)isandpable of
simulating steady-state and transient conditions. This model hasdamely used for
water balance modeling of earthen caps (Khire et al. 1997; khaé 2000; Benson et
al. 2005; Scanlon et al. 2005; Ogorzalek et al. 2008; Bohnhoff et al. 2009). For this study,
1-D simulations were carried out using UNSAT-H Version 3. UNSAIs not capable
of simulating flow through macropores that may not follow capiiteeind hence cannot
be represented by Richards’ equation. UNSAT-H also does not corsiidgas
pressures. Therefore, if air/gas pressures develop during raptdatioin events, the

model is unable to simulate the flow accurately.

INPUT PARAMETERS FOR UNSAT-H

A schematic of the conceptual models used to simulate the éstidection is shown in
Figure 2-3. To simulate the lysimeter as represented bmithéle nest (Figure 2-1), the
lower boundary was assigned unit gradient to simulate the vented bowedary. Low

magnitude percolation was collected in the lysimeter throughouietirewshich indicates
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Figure 2-3: Conceptual model for numerical simulation of a lysimefeaif@ an actual cap with underlying waste (b).
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that unit gradient boundary is appropriate to simulate the lysimaterder to simulate
the actual earthen caps which are represented by the top or Inatsten(Figure 2-1) of
the test section, the cap was assumed to have underlain by a 16knM8W layer

which is representative of the cross section at the site. Ther MW boundary was

simulated as unit gradient boundary.

Soil Properties

Table 2-1 summarizes the index, compaction, and the saturatediliyygraperties of
the soils used for the test section. Table 2-2 presents the wabtsdturydraulic
parameters. The soil water characteristic curves areibeddy Haverkamp et al. (1977)
function and were obtained from the water contents and soil suctiorsimee@an the
field. The unsaturated hydraulic conductivities were estimatgd applying the
instantaneous profile method (Meerdink et al. 1996) to the water comtathtsuctions

measured in the field using co-located sensors (Figure 2-1).

MSW Properties

In order to simulate the actual earthen caps located upslope andlamvio$ the
lysimeter, numerical simulations included the underlying MSWrlayee MSW was
simulated by assigning saturated and unsaturated hydraulic peep&ErtISW that were
measured in the laboratory for MSW collected from the lantiih 6 to 12 m depths.
The MSW sample was obtained using a 45 cm diameter auger. The waste, wittogit sor
or screening, was placed in a relatively large PVC &8lidm diameter, 25 cm tall) to

measure the saturated hydraulic conductivity using the falliag btest (ASTM D5084)
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Table 2-2: Saturated and unsaturated hydraulic properties of the soils aad was

0s or B Ks

Material (cmfem)| (em>/em’) (Lem) | (cm/s) (Yem)

Vegetative
Layer 5

or Topsoil 0.41 0.025 | 147.260.668|1.0 x 10°| 6,261 2.64

(Sandy Silt;
ML)

Storage
Layer
(Lean Clay
with Sand; CL

0.35 0.033 | 403.870.658|4.4 x 16°| 2,530,849 2.73

Landfilled
Waste
(Measured;
MSW)

0.67 020 | 1.62| 0.2981.0x16%| 1.80 1.46

and the same sample was spun in a geotechnical centrifuge a#Qpgtgravitational
force added to the sample in 1 to 3 g increments to measure #rergtantion function
(ASTM D6836). The centrifuge not only allowed the measurement of &lter netention
function relatively rapidly, it also simulated the normal stresperienced by the waste at

the depth it was collected. The dry density of the waste ateltieal stress simulated in

the centrifuge was 0.69 g/g’mThe method developed by Passioura (1977) was applied to
the water retention data collected from the centrifuge tesistimate the unsaturated
hydraulic conductivities for the waste.

The hydraulic properties measured for the waste are sugedan Table 2-2 and

are plotted in Figure 2-4. The water retention function measuorethé waste was also
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confirmed by plotting the water contents and suctions measured watte at various
depths during the two year monitoring period. Figure 2-5 shows ther wantents,
suctions, and gas pressures measured in the field at various depis waste.
Figure 2-5(b) shows that the suctions and gas pressurdsaatefae same (60 to 90 kPa)
and are relatively constant at shallow depths (immediately biblewap). Thus, it can be
assumed that the water content and gas pressures (or suctiansgquiibrium. Hence,
the water contents and suctions were plotted on the water oetémtiction of the waste
measured in the lab (Figure 2-4a). The boxed regions in Figure)2aticate the
equilibrium water contents and suctions measured in the fielduBedais expected that
the waste in the landfill would vary in its composition, for comperisthe water
retention function and unsaturated hydraulic conductivities measyr€d4imoglu et al.
(2005, 2006) for loosely compacted MSW are also included in Figure az4midglu et
al. (2005, 2006) determined the waste retention properties for a spestienen prepared

in the laboratory which had composition similar to the waste foung/maltwrst landfill
in Australia that was located at shallow depth with a dry density of 0.573.gﬁm1tz and
Gourc (2007) published similar waste retention curves for looselypacied MSW
having a dry unit weight equal to 0.54 gf’crﬁor loosely compacted MSW such as those
found within landfills at shallow depth (i.e., immediately beneathfithe& cover), a
saturated hydraulic conductivity of 'fOCm/s has been reported (Mukherjee 2008;

Breitmeyer et al. 2010). Hence, for modeling the actual cap sndlase possible
scenarios, the hydraulic properties of the waste input to the nasel for measured

values as well as those published by Kazimoglu et al. (2005, 2006).
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Meteorological Data

The two weather stations installed in the field provided hourly ipitaton, air
temperature, barometric pressure, relative humidity, wind speed r@untiah, and solar
radiation.

UNSAT-H requires daily values for maximum and minimum air tempexatiaw
point temperature, total solar radiation, average wind speed, avdoagkcover, and
total precipitation. Daily dew point temperatures were estienfxtam the daily average
temperature and relative humidity. Average cloud cover was a&sktorbe zero because
net solar radiation was measured at the site. UNSAT-H assausiassoidal variation in
air temperature throughout the day and assumes that the dailpumntemperature
occurs at 3:00 a.m. and the daily maximum temperature occurs at 3:00 p.m. The dewpoint
temperature, wind speed, and cloud cover were assumed to remasntomsiughout
the day. The daily variation of solar radiation was approximateal $ige function with
the peak value occurring at 12:00 noon. Precipitation was applied atidy thequency

specifically during the time intervals it occurred during a particular day

Initial Conditions

The initial conditions applied in the model were consistent with thosasured in the
field test section at the time corresponding to the startadate simulation. The sensors
in the underlying waste were installed a year prior to the ariin of the lysimeter.
Hence, the water balance simulation period was about a yedmgstar Nov. 2009.
Initial conditions for UNSAT-H were specified across thettieof the soil profile using

the matric suctions corresponding to the measured in-situ watent®icross the nest
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of sensors in the test section. A variable flux boundary was ailib@ ground surface
(Figure 2-3) for lysimeter as well as for the actual dap{ke variable flux boundary
corresponds to infiltration rate if it is raining on a given tipeeiod or evaporation rate if

otherwise.

Numerical Control Parameters

Spatial discretization of the model domain was optimized by comdusensitivity
analysis. This was done by repeatedly refining the nodal spacihg insignificant
changes in simulated water balance parameters were achi€ednodal spacing
between the nodes located near the upper and lower boundaries, as nedr dse

interface between layers, was relatively small (~1 mm).
. : - . -7
A maximum time step of 0.1 hr and a minimum time step of AOwere used for

the simulations. This was necessary to accurately evaluatextneme drying and

wetting conditions typically encountered at the ground surfacenyigaven time step,

the maximum allowable mass balance error for the whole prefieset at I8 cm. For

all numerical analyses, mass balance errors of less than 1 mm/yrohieneed.

FIELD DATA

Soil Water Storage
Figure 2-6 shows the soil water storage of the test secttona¢sd by integrating the
water contents measured by the three nests of water contsotrséocated within the

lysimeter and the actual caps located upslope and downslope ofsihesthr (see
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Figure 2-1). While the soil water storage of the lysimeted the actual caps are
relatively close, there are these subtle differences: (1) drgpil water storage of the
lysimeter during winter 2010; (2) sharp but small changes invedér storage observed
for lysimeter which are absent in the actual cap soil wateages; and (3) greater and
more rapid decrease in the soil water storage from Aug. 20106ramards observed for

the lysimeter.
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Figure 2-6: Measured soil water storages and surficial teatyes for the lysimeter and
actual caps.

Figure 2-7 shows the hourly soil water storages of the lysmpotted against

the soil water storages of the upper and lower nests represe@iagtual caps. The data
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points shown are for the period from Nov. 2009 to June 2010, which corresponds to the
period before the lysimeter section was subjected to 20.8 crationgwhich the actual

caps did not receive. The 1:1 line shows the region where the deil starage values

are the same for the actual caps and the lysimeter. Rbiowe the 1:1 line correspond to
greater soil water storage for the cap compared to the lysimeter ancevéa. Figure 2-7
shows that, the soil water storage of the actual caps is abosartiee as the soil water

storage of the lysimeter.
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Figure 2-7: Correlation between measured soil water sto@ganf actual cap and its
corresponding lysimeter.

71



Water Contents

The water contents measured at various depths within the lysiaretethe actual cap
(upper nest) are presented in Figure 2-8. The water contenegrofi 1 Feb. 2010 and
1 Oct. 2010, being typical for the seasons, are presented in FiQurEh2-water content
profiles of the lysimeter (Figure 2-9) show that the hydragtadient in the lowermost
portion is downward throughout the monitoring period. This observation is casiste
with the field observation that the lysimeter collected low ntagei percolation
throughout the year (Figure 2-10). In addition, the water content proftleed/simeter
does not show capillary barrier effect due to the presence otlgiayer used for
collecting percolation. When and if capillary barrier effect oscthe water content of
the lowest point in the upper finer-grained soil layer needs tddodighest when the
percolation breakthrough occurs. Hence, while the cap in the lysimettion is
underlain by pea gravel, a coarser-grained soil, capillamyebaeffect is non-existent.

This observation is consistent with the finding by Mijares and KRi0&0) that when the
cover soils have hydraulic conductivities less tha_r‘? tn/s, the capillary barrier effect,
even if may occur, would have insignificant effect on percolation.cbwer soils of the

lysimeter have hydraulic conductivity of about 4 >Z6lﬂn/s.

Figure 2-9 also shows that the relative magnitudes of wateertsnn the actual
cap are slightly but subtly different when compared to the watetents within the
lysimeter section. In the actual cap, the water contents obtiermost portion of the
cap (cap and waste interface) are slightly greater thanvater contents at locations

above the interface. Thus, the hydraulic gradient in the actpahtcthe cap and waste

72



Irrigation
(20.8 cm‘)

Volum‘etric Wat‘er Contehts
[ (Lysimeter; Middle Nest)

0.40 i LI LI LI | L) LI T | T T T 1

0.35

3

Vol. Water Content (cm 3/em )

0.30 |

0.25 |

0.20 |

0.15 |

‘ o ' '.:'g.'g.b'

0.10-"""i"'
09/Nov 10/Jan 10/Mar 10/May 10/Jul 10/Sep 10/Nov

0.40 p=r—r—r—p—r——1—

Volum‘etric Wat‘er Contehts

[ (Actual Cap; Top Nest
&~ 035 [ (Actual Capi Top Nesy

0.30 |
0.25 |

0.20 f;

Vol. Water Content (cm 3/cm

0.15 |

0.10 ba—m
09/Nov  10/Jan 10/Mar 10/May 10/Jul 10/Sep 10/Nov
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73



; : N ! Acfual Cab: ;(a)
O e SR i \ U S P o o o
[ Lysimeter —>§»r\ : ;

100 [ prneene prosene :

.
[ - =
-
L .
'

D i 5 e S

P R < W R S B =V

Depth Below Ground Surface (cm)

260

300 :— ------------------------------------------------------------------------------------- -—:

350 :____Wéter Cohtent F5rofile_§, ______________________________________________ _
[ Feb. 1, 2010 : . : ]
[ [ R R SR R B S

400 '
0.05 0.10 0.15 0.20 0.25 030 035 0.40 0.45 0.50

Vol. Water Content (cm 31em 3)

Actual Cap:j ()

50 f-------- S A , .-.ﬁ.Bottdm Nest......... S

s F Lysimeter »-uZ_ Top Nest : |

O ; ; H ~ - H H
s 100 AERRRRREE SRR e R LR R LR R -- U AR SR pronee .
Q B . . . b
g [ = : ]
5 150 froeeeebeeeee b Flux - Rt
@ i I : ? Cap
2 C : : ]
S 200 freeeecieeeeebe b B bl MSW A
o - : : .
0] I : : i ! : i i : ]
2 250 [
) - : : i i : i i : ]
Q : ]
(30 00 ) ‘S SO SUR SR SO SO 4 S S S -
£ [ . . . . ]
o i : : P ]
S 350 |-..Water Content Profile : @ / & .t _'
. Oct. 1, 2010 ' ]
g0 b0 000 ]

0.05 0.10 0.15 0.20 0.25 0.30 035 040 0.45 0.50
Vol. Water Content (cm 3/cm 3)

Figure 2-9: Measured water content profiles for the lysimetsl actual caps on
1 Feb. (a) and 1 Oct. 2010 (b).

74



Measured or Simulated
Cumulative Percolation (cm)
[EN o [N

1
N

-3

09/Nov  10/Jan 10/Mar 10/May 10/Jul 10/Sep 10/Nov

Figure 2-10: Measured and simulated cumulative percolation forysiadter and the
actual cap.

interface is vertically upwards which would result in negagigecolation into the waste.
In addition, the water contents in the waste are lowest closénet cap and waste
interface and they increase deeper towards the leachate ioallsgstem. This trend in
the water content profile indicates that the degree of satuictitie waste is expected to
be higher near the leachate collection system, which is consigiéimtthe field
observations. However, below the cap, the waste has relatively lowedefysaturation

during various times of the monitoring period indicating that the magmiof flux across

Lysimeter vs. Actual Cap
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R ~vee---(Lysimeter).------------ TS A —
. . UNSAT-H
et : (Actual Cap)

the cap/waste interface would be relatively small.
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NUMERICAL MODELING RESULTS

UNSAT-H simulations were conducted to predict the percolationsaitidvater storage
for the test section for the period starting from November 200tob@r 2010. During
this period, the site received 71.4 cm of precipitation. In addition, HSimdyer section
was subjected to 20.8 cm of precipitation over a 48-hr period. Duringh¢imoring
period, the lateral flow collected from the topsoil layer (fFeg2-1) was negligible

(~0.5 cm) and occurred only after relatively few precipitation events.

Soil Water Storage

Figure 2-11 shows the measured and simulated soil water sforaipe lysimeter. The
numerical model was able to capture the seasonal trends in dmuned soil water
storage. However, it did not predict the measured soil watergstosacurately.
Generally, the simulated soil storage is lower than the une@soil water storage which
is also reported by Ogorzalek et al. 2008. During Winter 2010, UNSAVerestimated
soil water storage because the model does not account the effezieof ground surface
(Khire et al. 1999). In the field when the ground surface is froggure 2-6),
subsequent infiltration is impeded whereas UNSAT-H allowed pitation to infiltrate
during this period causing the increase in soil moisture. Figurshi2ngs that the ground
surface of the lysimeter was frozen during Winter 2010 whitidtnot freeze for the
actual cap. The heat flux from the waste in the landfill lhaye maintained slightly
higher temperature for the actual cap compared to the lysiméte simulated soil water
storage also showed smaller seasonal variation relative toghgured soil water storage

which is similar to the findings of Fayer et al. (1992) and Kétiral. (1994). Fayer et al.
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(1992) pointed out that the discrepancy is due to the overestimationpofratian during
winter and the underestimation of evaporation during the remainddreofdar by

UNSAT-H.
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Figure 2-11: Measured and simulated soil water storage for the lysimeter

Figure 2-12 shows the time series plot of comparison of sietllsbil water
storages for the lysimeter and the actual cap (underlain by )MS@dre 2-12 shows that
the soil water storage for the actual cap is always sjigireeater than the soil water
storage for the corresponding lysimeter except during sharpngedtients when both

storages equate for a brief period of time. Measured soil wattexge of the actual caps
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is about the same as that for the lysimeter except wherygimeter was subjected to
irrigation wherein the lysimeter storage exceeded the actpal aad after Aug. 2010
when the soil water storage of the lysimeter steadily dibpped stayed below the

storage of the actual caps (Figure 2-6).
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Figure 2-12: Simulated soil water storage for the lysimeter and thal aeip.
Per colation

Figure 2-10 shows the measured and simulated cumulative percotatite flysimeter.
During the one year monitoring period, the lysimeter received aboutcm of

percolation from about 71.4 cm of precipitation and 20.8 cm of irrigatiomedaout in
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July 2010. The cumulative percolation predicted by UNSAT-H isivelstclose to the
measured percolation. There is a slight difference in theofathange of percolation
which occurred around Aug. 2010 in the field while the model simulatediuly 2010.
UNSAT-H simulated volumetric water contents in test sectienrelatively close to the
field water contents (Figure 2-8). While plants were simulateithe model, the amount
of transpiration simulated by the model was negligible. It is tduthe relatively short
growing season in Detroit (~90 days) and less than 30 cm deep rdefitigobserved in
the field.

Percolation predicted by UNSAT-H for the actual caps which deduthe
underlying waste layer with measured hydraulic properties ofwhste input to the
model is presented in Figure 2-10. The cumulative percolation prédgte¢he model
was determined from the interlayer flux between the clay candrthe MSW interface.
A positive value corresponds to a downward flux across the interfade a negative
value corresponds to an upward flux. Figure 2-10 shows that the pencdiati the
actual cap is negative till about late June 2010. Negative flux tedicamoval of water
from the waste due to capillary pull from the overlying cap. In A0id), the actual cap
which was simulated using UNSAT-H was subjected to the 20.8raggation which the
lysimeter was subjected to in the field to compare the lysineetd actual cap under the
same conditions. Figure 2-10 shows that the irrigation resulteaniated percolation
for the actual cap that was positive (downward). Howevern#étepercolation for the
actual cap simulated by UNSAT-H is about zero. It is condistgh the direction of the
hydraulic gradient observed at the cap/waste interface which mastly upward

(Figure 2-9). This observation is also consistent with the stedilsoil water storage
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values that are presented in Figure 2-12. Figures 2-8 and 2-12tlshbtihe simulated
soil water storage for the lysimeter was lower than th@ahcap and hence the simulated
percolation for the lysimeter was greater than simulated percolation factiled cap.
When Kazimoglu et al. (2005, 2006) hydraulic properties (Figure 2-4) ugee
to simulate the waste layer of the actual cap, the net cuneufarcolation was negative
(~ -2 cm) throughout the modeling period. Thus, the modeling resultsrootifat the
percolation for the actual cap was less than the lysimeler.r@sults also demonstrate
that even though the interlayer flux between the clay cover landinderlying MSW
cannot be physically measured in the field, relative soil wstteages can be used to

estimate the relative magnitude of percolation for an actual cap.

SUMMARY AND CONCLUSIONS

Instrumented field-scale test section of a compacted natiealgtél was constructed at
a landfill located in Detroit, Michigan to compare the water tidaof actual cap versus
the lysimeter. Soil water contents, matric suctions, gas pessssoil temperatures, and
percolation were monitored using sensors for more than a year. Térebakance model
UNSAT-H was used to simulate and evaluate the differenceshen hydrologic
performance of an actual cap versus the corresponding lysimeter.

While the soil water storage of the lysimeter and the acias only had slight
but subtle differences, the soil water content profiles indicateticakly downward
hydraulic gradient for the lysimeter and primarily vetticaipward hydraulic gradient
for the actual cap throughout the monitoring period. The model predicteulgienc and

soil water storages were relatively similar to the fieldaddhe model, which was
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validated using the field data, predicted that the soil watergsdi@ the actual cap
would be slightly greater than that for the lysimeter and the modieated negative as
well as positive percolation with a net percolation close to zero for the aejual
Thus, the field data coupled with numerical modeling indicates wialke

percolation measured by a lysimeter for compacted clay sbilshvhave relatively low
hydraulic conductivity is greater than the percolation estimatedrf actual cap which is
placed on the waste, water balance of a lysimeter isvehattlose to that of an actual
cap. Hence, field-scale lysimeters, when designed and instregnprperly could be

and should be used to assess the performance of an actual cap.
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APPENDI X
The numerical study presented in this paper was extended to modéelthelata
obtained from the uncompacted test section. The uncompacted test sectentical to
the compacted test section (Figure 2-1) except that the rddiy¢hat was used to build
the storage layer was placed by a track dozer without any ctimpaeffort (Figure
2-13). The reasons one of the test sections was not compactgd)a@:simulate a
conservative scenario for higher overall hydraulic conductivity ostbeage layer of the
cap, potentially less increase or no increase in the ovemiablic conductivity of the

clay due to root penetration and desiccation; and (2) to enhanfter&The test sections
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Figure 2-13: Field water contents and unit weights for the uncompacted test.sec
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by providing more void space for the plant roots to reach greatensdgpickly in the

test sections.

Material Properties

For the uncompacted test section, UNSAT-H (Fayer 2000) and Vado&#@/Slope

2007) simulations have been conducted. Table 2-3 presents the satudatiedatarated
hydraulic properties of the soils, as described in terms oHtheerkamp et al. (1977)
fitting parameters, for the uncompacted test section. Fieldrtitasés and physical
observations indicated that the uncompacted test section contelatdely large clods
(15 to 60 cm in diameter) and relatively large inter-clod voids. Sietth structure

cannot be simulated in the lab with the conventional techniques. Henoeder to

predict the water balance of the uncompacted test section, theadeil characteristic

curves and unsaturated hydraulic conductivity functions were estinfrat@dthe field

Table 2-3: Saturated and unsaturated hydraulic properties of gheongonents for the
uncompacted test section.

ol (cmg/ime’) (cmg/::mg) @ (ﬂ'gm) (clr<n/Ss) A (yfm)
Topsoil 0.35 0.10 30| 087/16x10°| 120 | 1.14
Sl_tg;i?e 0.35 0.00 | 3000| 06|13x16*| 620 | 1.21

La{,r\',ifs"t'gd 0.58 014 | 1874 09721.0x10°|1.88x 16| 5.246
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recorded water contents and water potentials. Figure 2-14(a) shodatshpoints from
the field measurements and the fitted soil water charaateastves. Figure 2-14(b)
shows the data points obtained using instantaneous profile method (Mestrdink996)
and the fitted unsaturated hydraulic conductivity function. Haverkamp et al. (fliirig)
equations were used because the soil water characteristiescand unsaturated
hydraulic conductivity functions are independently determined and ilbegcr
Furthermore, Kazimoglu et al. (2005, 2006) hydraulic properties @igut and 2-14)
were used to simulate the waste layer of the actual cap.

For UNSAT-H, the saturated and unsaturated hydraulic propesioedated in
Table 2-3 were used as input for the material properties in ithalagions. For
Vadose/W, apart from the hydraulic properties listed in Table 2&emal thermal
properties are also required by the program. In contrast VNBAT-H where isothermal
water flow can be specifically chosen, Vadose/W couples watkheaat flow. Hence,
Vadose/W requires these thermal properties as input: (1) volansgiecific heat
function; and (2) thermal conductivity function. The volumetric spetiéat functions
were estimated using De Vries (1963) estimation method. A luNtadose/W tool

estimates the function from the specified water retentionesur8oil mineral specific
heat values of 0.8 and 1.674 kJ@/were assumed for the topsoil and storage clay layer,
respectively. A mass specific heat value of 0.71 R@gtas assumed for the landfilled

waste. The thermal conductivity functions for each material wstenated using the
built-in Vadose/W estimation tool. The thermal conductivity — volumetater content

relations were predicted using the Johansen (1975) estimation ndthagssumed soil
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mineral thermal conductivity of 280, 130, and 216 kJ/da}@nfor the topsoil, clay

cover, and landfilled waste, respectively. These typical valudseahtl properties were
obtained from the Vadose/W database (Geo-Slope 2007).

For Vadose/W simulations, the model requires daily values formamri and
minimum air temperature, maximum and minimum relative humidixgrage wind
speed, total precipitation, start and end times of precipitation,osamdsblar radiation or
potential evapotranspiration. A sinusoidal climate distribution patters selected to
distribute daily values of air temperature, relative humidity,arsoiadiation, and
precipitation. The air temperature and relative humidity was assuwm be at their
minimum values at sunrise and at their maximum values at 12:00 nbensdlar

radiation was assumed to be zero before sunrise and after sunsetemed its peak

value at 12:00 noon. The latitude of the location of the field tesibse(42.38 North)

was used to approximate the sunrise and sunset times. Wind speagphad as a
constant value throughout the day. The daily precipitation was asstmnfollow a
sinusoidal distribution over the specified start and end timesitwigieak value occurring
at the midpoint of the specified time interval.

Spatial discretization of the model domain was optimized by coimguct
sensitivity analysis. This was done by repeatedly refining modal spacing until
insignificant changes in simulated water balance paramets achieved. The nodal
spacing between the nodes located near the upper and lower boundanel,as near

the interface between layers, was relatively small (1 nfgure 2-15 shows the
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snapshots of the model generated in Vadose/W for actual cap acarrgsponding

lysimeter simulations.

Uncompacted Test Section Simulations

UNSAT-H and Vadose/W simulations were conducted to predict thelpgon and soil
water storage for the uncompacted test section for the periodJinam 2008 to March
2009. During this period, the site received 68.5 cm of precipitation. FRylie shows

that the cumulative percolation measured in the field from thenétsrr installed in the
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Figure 2-16: Field measured and numerically simulated cumulatig®lpgon for the
uncompacted test section.
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middle of the uncompacted test section is about 16.2 cm. Since aphemler was
constructed without compaction, tracer tests and physical observstiongd relatively
large inter-clod voids in the clay which resulted to preferefitbtaé for water. Hence,
percolation from the uncompacted test section was significantighthan that from the
compacted test section. The percolation was about 24% of the appbeutatien. The
preferential flow of water, also known as a macropore flow, idesniin Figure 2-16 as
indicated by the sharp increases in the cumulative percolation pdpireF2-16 also
shows the simulated cumulative percolation for the lysimeter ugSiN§AT-H and
Vadose/W. UNSAT-H under predicted while Vadose/W over predictegheéhsolation.
UNSAT-H failed to capture the sharp percolation pulses that @zturnr the field.
Vadose/W performed better since it was able to predict the sor$epercolation.
However, the simulated percolation overestimated the field meaperedlation. The
simulated sharp increases in percolation also occurred eadieitlibse observed in the
field.

Vadose/W was also used to estimate the percolation for thel @etpawith
underlying MSW located within the uncompacted test section. Thdingspercolation
across the interface between the soil cover and the underlgistg was relatively small.
Upward flux of water (negative percolation) can be observed fromctineulative
percolation plot. This is consistent with the data presented imdsid117 and 2-18. The
volumetric water contents measured at various depths within timeelysi and the actual
cap (upper nest) for the uncompacted test section are shown ire Rglif. The
corresponding time series plot of the hydraulic gradient actmssbottommost two

sensors is shown in Figure 2-18. For actual cap, it can be sedhethmittommost two
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Figure 2-18: Calculated hydraulic gradient across the bottomtwossensors for the
lysimeter and actual cap in the uncompacted test section.

water content readings at a given time indicate upward fluxnofsture. For the
lysimeter, similar observation can be seen and the resulting dodnpeacolation
observed is therefore indicative of macropore flow across inber-ebids in the
uncompacted clay test section.

Figure 2-19 shows the field measured soil water storage fdydimeeter installed
in the middle of the uncompacted test section. Figure 2-19 also shewsnulated soll
water storage using UNSAT-H and Vadose/W. Both numerical modete @able to

capture the fluctuations observed in the field. Neither models peddiceé measured soil
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water storage accurately. The simulated soil water stofag an actual cap with
underlying MSW is generally higher compared to the simulatedvsaér storage for the
corresponding lysimeter. This corresponds to lower percolation foad¢hel cap as

illustrated in Figure 2-16.
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Figure 2-19: Field measured and numerically simulated soil wstteage for the
uncompacted test section.

Similar observation can be seen from the field measured s@t at@rage for an
actual cap versus a lysimeter for the uncompacted test sectiauontrast with the
compacted test section wherein the soil water storage viduedise lysimeter and the
actual cap are close, Figure 2-20 shows that, for the uncompactesettisn, the

lysimeter has lower soil water storage than the actual daip.i3 consistent with the
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findings of Mijares et al. (2010). In their study, numerical simahet using Vadose/W
were carried out for a range of hydraulic properties of thelymgr soil cover to

determine its effect on the soil water storage responséysinaeter versus an actual cap.
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Figure 2-20: Correlation between measured soil water std@agactual cap versus
lysimeter for the uncompacted test section.

Figure 2-21 shows that as the saturated hydraulic conductivitye &oil cover increases,
the soil water storage for a lysimeter greatly underegtsnine soil water storage for an
actual cap. This is because the underlying MSW acts asliocapreak due to its water

retention curve that emulates a coarser soil. Mijares. €2@10) further found out that
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capillary barrier effect is significant only for a soil cowsith saturated hydraulic
conductivity greater than i‘rbcm/s. A high saturated hydraulic conductivity is evident
for the uncompacted test section and therefore the measured swilsteatige for the

lysimeter is generally lower than the measured soil veiteage for the actual cap of the

uncompacted test section.

70 L I R
B KSL
65 |- O-
-~ [ U
c [
Seo
o =
cU - JARN
@) I |
'© - i
= 55 [ K_ =10"cmis
5 [ s .
< i |
"'5 L
m 50 -— **************** Ng= - - - -
; - f’fgfﬁA
wn - @Fﬁﬁ“
45 gﬁAi."\ . I I ‘
. SWS Actual Cap = SWS Lysiméter ]
40 -"l L L L I L L L L I L L L L ' L L L L ' L L L L I L L L L ]
40 45 50 55 60 65 70

SWS of Lysimeter (cm)

Figure 2-21: Correlation between the simulated soil water storage factual cap versus
its corresponding lysimeter with varying hydraulic propertiesailf cover (Mijares et al.
2010).
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The simulation of the field response of the uncompacted test sebeved that
percolation obtained from the lysimeter was significantly tgreghan the estimated
percolation of the actual cap (i.e., flux across the interfmte/een the soil cover and
underlying waste). Consequently, the simulated soil water storatie @fctual cap for
the uncompacted test section was generally higher compared sontlated soil water
storage of its equivalent lysimeter. This was consistenttivitliield measured soil water

storages of both lysimeter and actual cap underlain by landfilled waste.
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PAPER NO. 3: EFFECT OF UNDERLYING WASTE LAYER ON
SOIL WATER STORAGE AND PERCOLATION ESTIMATESFOR
LANDFILL EARTHEN CAPS

ABSTRACT

Lysimeters are commonly used for field-scale assessmewhiar balance of earthen
caps, commonly referred to as alternative or evapotranspiratiVe ¢&ps. While
lysimeters can measure percolation through a cap, the loweautigdboundary of a
lysimeter is not the same as an actual ET cap. In this,stuoigerical simulations of
water balance of lysimeters and ET caps were carried oug UNISAT-H for a range of
hydraulic properties of the cover soils and waste for semiasnidhumid climates. The
numerical results show that due to the presence of waste undetigncpp, the soil
water storage of an ET cap is generally greater tharortesponding lysimeter. This
greater water storage capacity in an actual ET cap sesullower percolation as
compared to its corresponding lysimeter. The numerical resstissaggest that thicker
cover soils would consistently have much lower lysimeter peroalats well as actual
cap percolation. Furthermore, wetter climate, with high pretipitato potential
evapotranspiration ratio, would generally have smaller differentieei soil water storage

and percolation for an actual ET cap versus its corresponding lysimeter.

INTRODUCTION
When landfill reaches its capacity, a final capping systemsiglled. In the U.S., the
minimum required design is a conventional cap which may consisamafng other

components, a geomembrane liner and/or a compacted clay bareer[Rgsource
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Conservation and Recovery Act (RCRA), Subtitle D, USEPA]. Capdaktruction cost
of the conventional cap is usually greater than alternative earéipsn RCRA includes a
provision that allows alternative final cap design as long igscidpable of achieving an
equivalent reduction in infiltration and protection from erosion thatquigtive caps may
provide.

Several types of alternative caps, also known as earthen or evegpatative
(ET) caps, have been considered for landfills primarily locatedréas with arid and
semi-arid climates (Khire et al. 1999; Albright et al. 2004; Swaelk al. 2005). The best
known method for assessing the performance of these alternativeinvapses the
installation of lysimeters at the proposed site to directlgsuee the percolation through
the proposed cap. Numerical studies on lysimeters generafpjogmimulations that
neglect the effect of the underlying waste (Khire et al. 20@dsBn et al. 2005) because
percolation is collected through a drainage layer constructed ab@meomembrane.
While the geomembrane allows collection of infiltration through ¢hp, it prevents
upward migration of moisture from the waste under evapotranspirafdeegts. When
an actual earthen cap is constructed, the geomembrane lagieiouselysimeter is not

placed.

LYSIMETER VERSUSACTUAL ET CAP

ET covers have been commonly used for landfills located in aridemdtarid climates
in lieu of prescriptive caps which require the use of geomembrKegsadvantages of
ET caps include: (1) lower construction cost compared to prescrgapgwhich contain

a relatively expensive geomembrane layer (Hauser et al. 20@ILj2 pgreater soil depth
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available for establishment of deeper roots for the vegetatiorhwhay reduce long-
term erosion compared to the prescriptive caps. These benefitalloay additional
options for end use of the landfill.

Approval of the use of an ET cover in lieu of a prescriptive coypically
requires site-specific demonstration of equivalency. Field demadiost of proposed ET
cover usually entails the installation of lysimeter to directlgasure the percolation
through the landfill cap. These lysimeters have a relativelynmgable geomembrane at
the bottom boundary to facilitate the collection of drainage in malya layer located
immediately above the geomembrane layer (Khire et al. 1997; Benson et al. 2001).

The water balance of a lysimeter which includes percolatiaudfiir the cap is a
function of many site-specific and design-specific paramateisiding the boundary
conditions. While the upper surface boundaries of a lysimeter capnaactual ET cap
are identical, the lower boundaries are significantly differepsirheters contain an
impermeable (zero flux) lower boundary (Abichou et al 2006; Khire aijaré4 2008).
This bottom boundary is hydraulically permeable in an actual BT Tae lower zero-
flux boundary in a lysimeter prevents the upward flux of liquid and vapm the waste
mass or subgrade layer located below the cap. This bottom boundagsimeter may
also restrict the heat flux from the waste mass present lbleéoeap which may influence
the actual percolation rate. Several studies have identified dhisein (Benson et al
2001; Abichou and Musagasa 2008; Khire and Mijares 2008).

Khire and Mijares (2008) carried out numerical water balarmoelations of ET
caps and corresponding lysimeters. Khire and Mijares (2008)dragented the ratio of

average annual percolation for an actual ET cap and average anmaédhtpmer for the
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corresponding lysimeter for a range of hydraulic propertigeeotap components. It has
been observed that cumulative percolation for lysimeters woulgpiiEally greater than
the percolation at the bottom of corresponding ET cap. Thus, percolatesuree by
lysimeter is conservative. Khire and Mijares (2008) showed that the peroalegiasured
by lysimeters can be up to an order of magnitude greaterthleaactual cap depending
upon the saturated and unsaturated hydraulic properties of tharmbilsrderlying waste
layer.

Hardt (2008) carried out numerical evaluation of percolation througtag$ and
the corresponding lysimeters using the dual permeability optioRIYDRUS (beta
version) (Simunek et al 2008; Simunek and van Genuchten 2008). Hardt (2008) found
that the magnitude of percolation measured by a lysimeteras3lotders of magnitude
greater than the percolation in an actual ET cap when soilslafethe cap contain
preferential flow channels (e.g., desiccation cracks). Thusn wiuenerical results of
Khire and Mijares (2008) are combined with findings by Hardt (2008an be inferred
that a lysimeter will likely further overestimate the qmation as the bulk hydraulic
conductivity of the cap potentially increases with the age ofapedue to various factors
(Benson et al 2007). A lysimeter overpredicts percolation bedhesmfiltrated water
drained into the lysimeter is immediately removed. Hence nibisavailable for removal
by evapotranspiration. In ET caps, where a geomembrane does ndiedsvstthe cap,
percolation into the waste may be temporarily stored in tlstenaand can be removed by

evapotranspiration.
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OBJECTIVE

While it is not possible to directly measure percolation witleolysimeter, it is possible
to measure soil water storage in an ET cap using establistietigees (Khire et al.
1999) and numerically estimate percolation using a calibrated middace the key
objective of the numerical study presented in this paper istitmage percolation for
actual ET caps using the measured soil water storage aragpierc of corresponding
lysimeter. In the field, the soil water storage is typicalétermined by integrating the
water content values over the thickness of the cap. Comparativetpdedoil water

storage variations and percolation rates through lysimeters and aaps (without

lysimeters) were evaluated for semi-arid and humid clim&tescaps with varying

hydraulic properties of landfilled waste.

WATER BALANCE MODEL
The finite-difference water balance model UNSAT-H (Fayer 2008% used in this
study. UNSAT-H numerically solves a modified form of Richaragiaion to compute
the flow of water through both saturated and unsaturated soil. Toaelnhas been
routinely used for water balance modeling of earthen caps (Khale E297; Khire et al.
2000; Benson et al. 2005; Scanlon et al. 2005; Ogorzalek et al. 2008; Bohnhbff e
2009). For this study, one-dimensional simulations were carried auy WNSAT-H
Version 3.0.

A schematic of the conceptual model used in the numerical simulaich®wn
in Figure 3-1. For the lysimeter, the soil cap was underlaim asijeocomposite drainage

layer, similar to its typical installation in the field. Inder to simulate an actual cap, the
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soil cap was assumed to have underlain by a 3-m thick waste laAgéitional
simulations with thicker waste layer were carried out. Howeawécker waste layer did
not significantly influence the percolation and soil water storage of the sichaiaps.
Landfill soil covers consisting of a topsoil layer and a compaciag layer was
considered in this study. This cross section is a relativedic barm for an alternative
earthen cap. The compacted clay layer provides the required storatpe FET cap to
temporarily store infiltrated water during wet periods andasde it back to the
atmosphere during dry periods via evapotranspiration. The topsoil lageldgs a
medium for vegetation to develop in order to enhance transpiratiorsoltpabtects the

underlying compacted clay against desiccation.
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(Zero Flux)
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Figure 3-1: Conceptual model for numerical simulation of altereatapping system
consisting of a lysimeter only (a); and a typical ET cap with underlyingevibst
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The ET caps considered in this study are based from the imstreidhearthen
final cover test sections built by Khire et al. (1997). A test section wasrgciesl in East
Wenatchee, Washington to assess the water balance of eagh@nacsemi-arid climate.
The instrumented soil cap consisted of a 15-cm thick silty topsg@k lunderlain with a
60-cm compacted Wenatchee silty clay as storage layer.siA section was also
constructed in Atlanta, Georgia to assess the water balanatbére cap in a humid
climate. The instrumented soil cap also consisted of a 15-cm siigktopsoil layer.
However, a thicker storage layer was placed to accommodaténtiieeent wetter
condition in this area. A 90-cm thick compacted Georgia redwés/used to build the
test section. Underneath both test sections, a geocomposite dri@pagevas placed
above the textured geomembrane lining to facilitate the caleaind drainage of

percolated water to a measuring or monitoring device(s).

Material Properties

Table 3-1 summarizes the saturated and unsaturated hydrauletgempf the original
soils used to build the instrumented test sections in Wenatche&tlanth (Khire et al.
1997). The soil water characteristic curve was expressed by the Havdtkartipn:

6 —0r a

Os—-0r o+’ (3D

where 6 is the volumetric water content for a given matric suctihh; @S is the

saturated water conten@l' is the residual water content; and and £ are the curve
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fitting parameters. Similarly, the unsaturated hydraulic comdtyctfunction was

expressed by the Haverkamp equation:

Ky A
K A+y8 (3-2)

where Ky and Kg are the unsaturated and saturated hydraulic conductivities,

respectively; andA and B are the curve fitting parameters (Haverkamp et al. 1977).
Both the soil water characteristic curve and the unsaturateduiygdconductivity data

were independently measured by Khire et al. (1997).

Table 3-1: Saturated and unsaturated hydraulic properties of soits inseéhe
instrumented field test sections of Khire et al. (1997).

. 0s or B Ks B
Soil a A
(cm3/cm3) (cm3/cm3) (Yem) | (cmls) (Y/em)
Wenatchee -5
Topsoil 0.40 0.05 80 0.60| 45x 10 300 2.2
Wenatchee 7
Compacted 0.36 0.05 72 0.60| 2.2 x 10 400 1.3
Silt Clay
Atlanta 4
Topsoil 0.40 0.08 200 0.65| 1.0x 10 1 1.45
Atlanta 6
Compacted 0.52 0.08 17 0.40| 3.2 x 10 8 1.15
Red Clay
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Table 3-2 presents the saturated and unsaturated hydraulic p®partthe

additional materials used in the simulations (i.e., geotextilensmstie properties). Water

characteristic curves were obtained from published literatseasdicated in the table.

Unsaturated hydraulic conductivity functions were estimated usmgltdsed-form van

Genuchten-Mualem expression where the pore interaction term eta® 9.5 (van

Genuchten 1980). Afterwards, the Haverkamp fitting parametersdeézemined for the

water

characteristic curves and unsaturated hydraulic condyctifeihctions.

Table 3-2: Saturated and unsaturated hydraulic properties @xgepand waste used in
the simulations.

Material

0s
(cm3/cm3)

or
(cm3/cm3)

(em)

Ks

(cmls)

(Yem)

Geotextile
(Park and
Fleming 2006

0.82

22307.7

? 3.533

1.5 x 161

5.24 x 1¢°

9.4

Loose Waste
(Measured;
Landfilled

MSW)

0.67

0.20

1.62

0.29]

3.0 x 16°

1.00 x 16

2.5

Loose Waste
(Kazimoglu
et al. 2006)

0.58

0.14

18.74

0.97

1.0 x 10°

1.88x 10

5.246

Dense Wastg
(Breitmeyer
et al. 2010)

0.61

0.011

10.38

0.5§

4.0x10°

1.00 x 10

2.96

Hydraulic properties of nonwoven geotextile were obtained from Padk a

Fleming (2006). The nonwoven, polypropylene, needle-punched, continuous fiber
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geotextile has a mass per unit area of 55029Ar'rnh a thickness of 4.0 mm and an

opening size of 0.05 to 0.15 mm. It has similar properties to that gethtextile used in
the study of Stormont and Morris (2000). Haverkamp fitting parameters obtained
based from the data points measured by Park and Fleming (2006) foedtextile’s
water retention curve.

For actual ET cap simulations, due to inherent heterogeneityupicipal solid
waste (MSW), two MSW properties were considered: (1) a loosehypacted MSW
typically found on landfills at shallow depth, and (2) a densely congp&8N which is
commonly found buried deep in landfills. For loose MSW, two propewere further
used in the simulations.

The first was measured in the laboratory for MSW collectedh fthe landfill
from 6 to 12 m depths. The MSW sample was obtained using a 45 cratelicamger.
The waste, without sorting or screening, was placed in a rdlalarge PVC cell (30 cm
diameter, 25 cm tall) to measure the saturated hydraulic cimtuaising the falling
head test (ASTM D5084) and the same sample was spun in a geotecantaéuge at
up to 40 g gravitational force added to the sample in 1 to 3 g inotenemeasure the
water retention function (ASTM D6836). The centrifuge not only addwthe
measurement of the water retention function relatively rapidlglsoé simulated the

normal stress experienced by the waste at the depth itoMlested. The dry density of

. . . . 3
the waste at the vertical stress simulated in the centnfiage0.69 g/cm The saturated

hydraulic conductivity of the specimen is?[@m/s. The method developed by Passioura
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(1977) was applied to the water retention data collected from thigifege test to
estimate the unsaturated hydraulic conductivities for the waste.

Hydraulic properties of MSW reported by Kazimoglu et al. (2005, poade
also assumed to represent the loose MSW layer in the acpudd@zamoglu et al. (2005,
2006) determined the waste retention properties for a laboratoryguepaste specimen

which has composition similar to the waste found in Lyndhurst landfill in Austredias

located at shallow depth with a dry density of 0.57 glc&oltz and Gourc (2007)

published similar waste retention curves for loosely compacted/ M&ving a dry unit

weight equal to 0.54 g/c%n For loosely compacted MSW such as those found within

landfills at shallow depth (i.e. beneath the final cover), a datitaydraulic conductivity

of 10'3 cm/s has been reported (Mukherjee 2008). Hence, this estimabedfaaMSW

was adopted for this study. The corresponding predicted unsaturgthdulic
conductivity function shows good agreement, at high suction, with the measure
unsaturated hydraulic conductivity function wusing one-step outflow method
(Kazimoglu, 2006).

Since MSW is generally heterogeneous with highly varying presera dense
MSW with lower hydraulic conductivity was also considered to datex its relative
impact on the resulting soil water storage and percolation foETheap. Breitmeyer

et al. (2010) presented the measured water characteristicanauwansaturated hydraulic
conductivity function for a dense MSW with dry density of 0.81 glming hanging
column and multi-step outflow method, respectively. The saturated higdraul

conductivity of the specimen is 4.0 x_?r[@:m/s. The measured and predicted unsaturated
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hydraulic conductivity function show good agreement across the eatige of suction
(Breitmeyer et al. 2010).

Figure 3-2 shows the water characteristic curves and ttielic conductivity
functions for the soils used to build the instrumented test sectMeiratchee as well as
the geotextile and the waste presented in Table 3-2. Figure h&aBssthe water
characteristic curves and the hydraulic conductivity functionghfe soils used to build
the instrumented test section in Atlanta as well as the gdetard the waste presented

in Table 3-2.

Meteorological Data

Daily meteorological data were compiled by Khire et al. (19%r)Wenatchee and
Atlanta test sections. Field measurements were obtained foy oakimum and
minimum air temperatures, average dew point temperature, totalradiation, average
wind speed, average cloud cover, and total precipitation. These metemabttaja were
used as input to UNSAT-H.

For all numerical analyses, precipitation was applied at an hdwetuency
specifically during the time intervals it occurred duringaatipular day. The first year of
field measured data for both test sections was used in theasiongl Annual
precipitation for the landfill site in Wenatchee is 26.5 cm with aanual potential
evapotranspiration of 109.1 cm (P/PET ~ 0.24). Annual precipitation foatadill site
in Atlanta is 153.6 cm with an annual potential evapotranspiration of 109(B/&&T ~

1.40).
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Initial and Boundary Conditions and Numerical Control Parameters

A variable flux boundary was applied at the ground surface (FRyd)efor the lysimeter
as well as the actual cap. A unit gradient boundary condition wassed on the lower
boundary of the model domains. The unit gradient boundary used for thetérsinaes
applied under two scenarios: (1) at the bottom of the compactedagkyfor lysimeter
without considering the geotextile layer, and (2) at the bottorheoféotextile layer for
lysimeter considering the geocomposite drainage layer. Thegradient boundary used
for the actual cap was applied at the bottom of the wagez.IKhire and Mijares (2008)
and Mijares et al. (2010) have used the same lower boundary conditisimfdations
with waste layer. Initial conditions for UNSAT-H were speaiffiusing matric suctions
corresponding to in-situ water contents measured by Khire. ¢1297) for both test
sections. For actual cap simulations, the initial conditions fowtste layer were based
from the matric suctions corresponding to the in-situ MSW water contentsinaedisom
the field test sections discussed in Paper No. 1.

Spatial discretization of the model domain was optimized by comgduct
sensitivity analysis. This was done by repeatedly refining nbdal spacing until
insignificant changes in simulated water balance parametas achieved. The nodal
spacing between the nodes located near the upper and lower boundarneB,as near

the interface between layers, was relatively small (1 mm). A maxinmenstep of 0.1 hr

and a minimum time step of 10hr were used for all the simulations. This was necessary

to accurately evaluate the extreme drying and wetting donditypically encountered at

the ground surface. At any given time step, the maximum dabl@evaass balance error
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Figure 3-2: Soil water characteristic curves (a); andduicc conductivity functions (b)
for the soils used in the Wenatchee test section, nonwoven geotextile, and MSW.
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Figure 3-3: Soil water characteristic curves (a); andduicc conductivity functions (b)
for the soils used in the Atlanta test section, nonwoven geotextile, and MSW.
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for the whole profile was set at Jf(bm. For all numerical analyses, total mass balance

errors were less than 1%.

RESULTS

Semi-arid Climate
Figure 3-4 shows the simulated percolation and soil water stof@gyvS) for the
Wenatchee test section. The graph presents simulation resultsthusiogiginal soils

used to build the instrumented earthen cover in semi-arid climate. The shhywtaulic

conductivity of the compacted silty clay cover is 2.2 >€710m/s. Field measured

lysimeter percolation obtained by Khire et al. (1997) shows heatest section yielded
0.79 cm of percolation during the first year of its monitoring peridsl. shown in
Figure 3-4, numerically simulated lysimeter percolation using) gnaidient boundary at
the bottom of the compacted clay layer for lysimeter (withoutidenag the geotextile
layer) relatively captured the field measured percolation. ngtar simulation
considering a geotextile layer underneath the earthen cover showed lower
percolation compared to that without the geotextile layer.

For actual ET cap simulations, loose and dense MSW were consideredaatie
the earthen cover. The resulting percolation for actual ET capssponds to the
interlayer flux across the interface between the earthen cawérthe underlying

landfilled waste and is a function of the hydraulic propertiesheMSW layer. Positive
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Figure 3-4: Simulated cumulative percolation and soil wateagéfor Wenatchee soil,
with 0.6-m thick storage layer, in a semi-arid climate boundary condition.

percolation values represent downward flux of moisture from theesadbver to the
waste layer. Negative percolation values represent upwaraflmoisture wherein the
earthen cover pulls the moisture up from the waste layer. As shhownHigure 3-4, as
the saturated hydraulic conductivity of the waste decreases, t@gten rate for the

actual cap also decreases. Actual ET cap with underlying M&#& with a saturated

hydraulic conductivity of 16 cm/s and unsaturated hydraulic properties measured from

centrifuge testing had percolation greater than lysinpetegolation. However, actual ET
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cap percolations with typical MSW having saturated hydraulic cdivilycof 10_3 and

10~ cm/s generally have negative percolation which indicates mucér Ipercolation

than the corresponding lysimeter (i.e., lysimeter percolatiorer®rglly conservative).
The reduction in percolation is attributed to: (1) the abilityha&f wvaste to impede the
downward flow of water from the overlying soil cap; and (2) thepnary storage of
percolated water by the underlying waste and removal of thedstwater under
evapotranspirative gradients as evident in Figure 3-4 showing ttreade in the
cumulative percolation across the cap to waste interface. @tisyarly occurs during
dry periods where the fine-grained soils have the capability to patkérwup due to
capillary action. For lysimeters, the infiltrated water dradss percolation and hence
cannot be extracted later via evapotranspiration.

The reduction in percolation provided by the waste layer gene@ligsponds to
an increase in the SWS of the overlying ET cap as compared toothesponding
lysimeter (Khire and Mijares 2010). However, due to the relatisetall difference in
the percolation rate between actual ET cap and lysimeterelassvthe inherently low
saturated hydraulic conductivity of the cover soil, the resyiBWS of the actual ET cap
and lysimeter appear similar (Figure 3-4). In order to compar8\t8, simulated SWS
within actual ET caps were plotted against simulated SWS rwittsimeter (without
geotextile layer) for all simulations for the same timeque(Figure 3-5). The 1:1 line
shows the region where SWS values are the same for an agiuahdaorresponding
lysimeter. Points above the 1:1 line correspond to greater SWBef@map compared to
the lysimeter and vice versa. Closer look at Figure 3-5 retletl SWS within actual ET

caps are indeed generally larger than the SWS within the pordisig lysimeter for
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typical MSW with Ky equal to 163 and 105 cm/s, albeit small difference in

magnitude. For all cases, greater soil water storage corresptmdelower percolation
or vice versa. When the difference in SWS relatively small, it iscegsd with relatively

small difference in percolation.
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Figure 3-5: Simulated soil water storage for actual capugelysimeter for Wenatchee
soil, with 0.6-m thick storage layer, in a semi-arid climate boundary condition.

Figure 3-6 shows the simulated percolation and SWS for actliatalps and
lysimeter consisting of Wenatchee soil with a much thickercagl (0.9-m thick storage

layer). All other variables were kept the same. It cansben that for lysimeter
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simulations, as the thickness of the cap increases, the resudtinglation decreases.
Similar trend can be observed for actual cap simulations, regarafethe hydraulic
conductivity of the underlying waste. For silty clay such as thenaithee soil, the
relatively low hydraulic conductivity produces an average petoolatf about few mm
per year. Simulation results show that lysimeter generallyestimates the actual ET

cap by about two times.
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Figure 3-6: Simulated cumulative percolation and soil water gadi@ Wenatchee soil,
with 0.9-m thick storage layer, in a semi-arid climate boundary condition.
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Humid Climate
Figure 3-7 shows the simulated percolation and SWS for the Attast section. The
graph presents simulation results using the original soils usedItbthaiinstrumented

earthen cover in a humid climate. The saturated hydraulic condyafthe compacted
clayey silt cover is 3.2 x i?) cm/s. Field measured lysimeter percolation obtained by
Khire et al. (1997) shows that the test section yielded 12.98 cm aiflagon during the

first year of its monitoring period. Due to inherent high preatn in humid climate,

the test section yielded much higher percolation. Numericallyulabed lysimeter
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Figure 3-7: Simulated cumulative percolation and soil wateagéofor Atlanta soil, with
0.9-m thick storage layer, in a humid climate boundary condition.
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percolation using unit gradient boundary at the bottom of the compeletgdayer for
lysimeter (without considering the geotextile layer) and lysamsimulation considering
a geotextile layer underneath the earthen cover both showed muchpesgetation
predictions compared to the field measured percolation. Furthermgsaneter
simulation considering a geotextile layer underneath the earthenstivenowed much

lower percolation compared to that without the geotextile layer.
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Figure 3-8: Simulated soil water storage for actual capugelysimeter for Atlanta soil,
with 0.9-m thick storage layer, in a humid climate boundary condition.
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For actual ET cap simulations, as the underlying waste is adstomge more
dense having a lower hydraulic conductivity, the percolation ratehi® actual cap
consistently decreases due to the reasons presented in the prestdzliagtion. This
observation is consistent with the trends obtained for the semilianate. Similarly, the
SWS response of an actual ET cap and the corresponding lysimetelose to each
other (Figures 3-7 and 3-8) because the predicted percolatioabarethe same. It can
be noted that for humid climate, net positive percolations have been absegeedless
of the hydraulic properties of the underlying landfilled wa3tas is because in humid
climate, the magnitude of precipitation is relatively large garad to the semi-arid
climate which results in the soil cover to remain relativggt more often. Hence, the
cover is less often able to develop upward hydraulic gradients tavptdr from the
underlying waste layer.

Figure 3-9 shows the simulated percolation and SWS for actliataps and
lysimeter consisting of Atlanta soil with a much thicker s@p (1.5-m thick storage
layer). All other variables were kept the same. Simitathe semi-arid climate, the
numerical results suggest that thicker cover soils would consisteste much lower
lysimeter percolation as well as actual cap percolations. Tsempece of the waste layer
underneath actual ET caps indeed affects the SWS response asslttieg percolation
for the earthen covers. Consequently, a reduction in percolation has beswedbs
whenever there is an increase in the SWS. The waste ldageasaa barrier that impedes,

but not prevents, the downward flow of water.
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Figure 3-9: Simulated cumulative percolation and soil wateagéofor Atlanta soil, with
1.5-m thick storage layer, in a humid climate boundary condition.

SUMMARY AND CONCLUSIONS

Financial savings associated with ET caps and their sustaipahiétto more options for
end use has resulted in more state regulatory agencies to ca@sithen final caps. The
earthen caps eliminate the use of relatively expensive geommesbia landfill final
covers. While lysimeters are commonly used to assess the beémce of alternative
caps, lysimeters are not hydraulically equivalent to an aEfialap due to the difference
in the lower hydraulic boundary. Actual caps are typically underlai permeable
subgrade/waste layers. The numerical results from this stddyate that the soil water

storage of an actual ET cap would generally be greater thavoilheater storage of the

124



corresponding lysimeter. Greater soil water storage corresponolser percolation and
vice versa. The reduction in the soil water storage capacilyswheters is associated
with the removal of infiltrated water from the lower boundary tesuylin greater

percolation. In an actual ET cap, where it is underlain by wdstepdrcolation through
the cap is generally less because of the capillary break atied storage capacity offered
by the underlying waste layer. Because it is not possible ¢othjirmeasure percolation
without a lysimeter, the percolation values measured in the figdid be re-evaluated
by carrying out site-specific numerical analysis for repméstive field-scale hydraulic
properties of the waste to simulate the long-term percolatiorasoefor the actual final

cap. The numerical results presented in this study also subgeghicker cover soils
would consistently have much lower lysimeter percolation as wagllactual cap
percolation. Furthermore, wetter climate (with high precipitatiom potential

evapotranspiration ratio) would typically have smaller differandbe soil water storage

and percolation for an actual ET cap versus its corresponding lysimeter.
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PAPER NO. 4: EVALUATION OF GEOSYNTHETIC CAPILLARY
BREAK IN EARTHEN COVER LYSIMETERS

ABSTRACT

In this study, the numerical unsaturated flow model UNSAT-H wezsl to evaluate the
capillary break developed by nonwoven geotextile component of geocoendositage

layer that is commonly used to collect percolation in lysimeteysimeters are used to
evaluate the water balance of landfill covers. The numerical Ingdacluded constant
flux simulations of coarse to fine-grained soils underlain bywaowen geotextile

followed by simulations of two instrumented lysimeters constduad humid and semi-
arid climates. Evidence of a geotextile capillary break evadent from higher soil water
storage as well as a delay in the onset of percolation. Thesraesdicate that the

capillary break introduced by a nonwoven geotextile in lysimeaterybe significant only

when the saturated hydraulic conductivity of the soils is grdaaduarl(j5 cm/s. However,

irrespective of the hydraulic conductivity of the soils or theore climate, the capillary

break did not have significant impact on the long-term percolation.

INTRODUCTION

There are about 1,600 active municipal solid waste (MSW) lanlifiise United States.
These landfills will require a final cover once they aresetl. The U.S. federal
regulations imply emulating landfill liner which requires a georbeane layer, for
landfill final cover. Alternative final covers that only use kart materials offer financial
savings, greater end-use options (wood harvesting), and better longetesion

protection due to deeper plant roots. Hence, alternative covers, whialsarreferred to
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as evapotranspirative (ET) caps have been tested in the field1€80e for long-term
capping of municipal solid waste (MSW) landfills as well ragioactive waste sites.
Since then, ET caps have been widely used in arid and semi-anatesi and are being
tested and permitted in sub-humid and humid climates on a cassépasis. Often the
performance of ET caps is evaluated by constructing a lysincetellect the percolation
that infiltrates through the cap. Based on the magnitude of the apeuadlation
collected in the lysimeter, the ET cap is approved, disapproved, ormgree¢Khire and
Mijares 2008; Mijares et al. 2010).

The lysimeter usually contains a geocomposite drainage (&fk) installed at
the base of the ET cap to collect and drain the percolation t@sunitgg or monitoring
device(s). This GDL, which is placed above the geomembrane that lines convgrdional
lysimeter, consists of a geonet sandwiched between two geesexdiften the geotextile
(GT) present in the GDL is nonwoven. Published studies indicate nibvavoven
geotextiles have water retention function that is similar toettudscoarse-textured soils
such as sand and gravel (Stormont et al. 1997; Stormont and Morris 20R0anEda
Fleming 2006). Hence, it has been indicated that nonwoven geotxile acts as a
capillary break. If it acts as a capillary break, it allayveater storage of moisture in the
soil layers above the geotextile before the percolation breakgihnr@ecurs. In addition, a
capillary break can reduce the total percolation by enhancing exagppitration because
more soil water is available for an extended duration for poteméialoval via
evaporation and transpiration (Benson and Khire 1995; Ward and Gee 1997etdlire

2000).
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Capillary break occurs during unsaturated conditions at the intdv&eeen the
fine-textured soil cover and underlying coarse-textured matdrad. contrast in the
unsaturated hydraulic conductivity, under relatively high matictisns, between the
two layers impedes the downward movement of water. This &glllt in the buildup of
moisture in the overlying finer layer and consequently decreasendtric suction
especially near the interface. Once the matric suctioneainterface drops to the water-
entry suction of the coarse-textured material, capillaryidrag breached and water will
continue to infiltrate into the underlying coarse layer.

Several studies have been published to understand the physics ofycapiltger
effect between fine-grained and coarse-grained soils. Labordéstg have been
conducted to observe capillary break (Baker and Hillel 1990; StornmohtAaderson
1999; Tami et al. 2004) and field-scale demonstration projects hanarbplemented to
assess its performance (Nyhan et al. 1990; Ward and Gee 1997; Khire et al. 1968; Bens
et al. 2002; Albright et al. 2004; Ogorzalek 2008). However, limitedahcase studies
have addressed the magnitude of capillary barrier effect when nenw®V is used.
Although numerical studies have shown that capillary break develops avgeotextile
is placed below a fine-textured soil (Iryo and Rowe 2003; Park andirige2006),
physical evidence showing the magnitude of capillary barfiectedue to nonwoven GT
on percolation through an earthen cap has been scarce.

Laboratory column tests conducted by Stormont and Morris (2000) and Bathurs
et al. (2007) showed that the presence of a single layer of géotextihe system
impedes the downward movement of wetting front. This demonstratesebenpe of

capillary break. Stormont and Morris (2000) carried out constantratith tests on a
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column consisting of a silty sand over coarse sand and comparethé& tesponse of
identical column where a nonwoven geotextile was placed betweetwthéayers.
Additional column test was conducted wherein a nonwoven geotextileplaasd
between two layers of silty sand. All tests compare the sucéisponse of the soll
immediately above and below the soil interface when breakthroughsoétesults show
that the suction head developed above the interface during breakthrough for columns with
geotextile layer is significantly lower than those without ¢fe®textile. Lower suction
indicates greater water content which is caused by the presénte geotextile.
Similarly, Bathurst et al. (2007) evaluated the effect of a wogeotextile layer
sandwiched between two sand layers under constant head infiltratierw&er pressure
time response developed in the sand located above the geotextilacmtehiowed a
detectable positive increase as the wetting front reacheabiextile layer. This was not
observed in the identical column without the geotextile. The jump itiygore water
pressure corresponds to instantaneous water ponding above the gelatgatilerhich
indicates the presence of capillary barrier effect.

Numerical simulations have been conducted to evaluate the effagjeotextile
layer on the water balance of earthen covers under actual oletgoal conditions
(Benson et al. 2005; Scanlon et al. 2005; Ogorzalek et al. 2008; Bohnhio2@0%2). In
contrast with a typical unit gradient boundary, a seepage face bguisdased to
approximate the capillary break formed at the base of the lieirdae to the geotextile
layer. Alternatively, a seepage face boundary can also beesf@ddy including a thin
layer of coarse-grained soil (e.g. gravel) at the base of tligepi®canlon et al. 2002).

Ogorzalek et al. (2008) and Bohnhoff et al. (2009) have shown thatleggmof which
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lower boundary conditions were used, the resulting soil water storageff,rand
evapotranspiration are unaffected. With regard to the resultinglagon, Benson et al.
(2005) and Ogorzalek et al. (2008) showed little difference on sieaula¢rcolation.
Bohnhoff et al. (2009) observed minimal difference while Scanlon €2@05) noticed
significant difference on percolation values. Scanlon et al. (200%) fdund an
overestimation of soil water storage which has caused the undexsstinof free
drainage indicating capillary barrier effect.

The presence or absence of capillary barrier effect dudeogéocomposite
drainage layer that lines the base of earthen cover lysimistarst straightforward.
Hence, the need to quantify the magnitude of capillary barriectaffeoduced by the
geotextile is important in order to assess lysimeter medhg@reolation. Parameters such
as soil hydraulic properties, infiltration rate, and meteorchkigiconditions are

hypothesized to be key factors that determine occurrence of capillary break.

OBJECTIVES
The key objectives of the study presented in this paper are todefgymine the
magnitude of capillary barrier effect due to the geocompositeatyai layer used in
lysimeters to evaluate the water balance of earthen cAapsgdntify the factors that
facilitate formation of capillary break; and (3) comparedaagillary barrier effect due to
the presence of a geotextile in lysimeters to that due to dlseeviayer that is present in
actual caps.

In this numerical study, the effect of GDL consisting of a nonw@eatextile on

the water balance of the cap was evaluated by numergiatlylating three monolithic
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earthen covers. 1-D soil columns with a height of 90 cm were dieduées lysimeters or
actual caps (with underlying waste) using UNSAT-H. Constatfiltration simulations
were conducted to easily identify and quantify when capillary boeakirs. In addition,
long-term simulations were carried out to quantify the magnitudeapiilary barrier

effect under actual meteorological conditions in semi-arid and humid cimate

NUMERICAL MODELING
The finite-difference model UNSAT-H (Fayer 2000) was used in shidy. UNSAT-H
numerically solves a modified form of Richards’ equation to comgedlow of water
through both saturated and unsaturated soil. This model has been rousepr water
balance modeling of earthen caps (Khire et al. 1997; Khire et al. B#xon et al.
2005; Scanlon et al. 2005; Ogorzalek et al. 2008; Bohnhoff et al. 2009). Festuithys
one-dimensional simulations were carried out using UNSAT-H Version 3.0.

A schematic of the conceptual model used in the numerical simulaich®wn
in Figure 4-1. For the lysimeter, the lower boundary eithdudszl or did not include a
nonwoven geotextile. In order to simulate an actual cap, the soil capssamed to have
underlain by a 30-cm thick waste layer. Additional simulation& wtitcker waste layer
were also carried out. However, thicker waste layer did naoifgntly influence the

percolation and soil water storage of the simulated caps.

Material Properties
Table 4-1 summarizes the saturated and unsaturated hydraulic ipopéthe soils and

the waste used to simulate the lysimeter presented in FiglréJdsaturated hydraulic
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conductivity functions were estimated using the closed-form vamu&wen-Mualem
expression where the pore interaction term was set to 0.5 (van HeeEmut980).
Hydraulic properties of the municipal solid waste (MSW) regzbitty Kazimoglu et al.
(2005, 2006) were assumed to represent the waste layer in the caagu&azimoglu
et al. (2005, 2006) determined the waste retention properties for attalpqreepared

waste specimen which has composition similar to the waste found in Lyndhurgt iandf

Australia that is located at shallow depth with a dry densitQ.57 g/crr?. Stoltz and

Gourc (2007) published similar waste retention curves for looselypacied MSW

Specified Flux Specified Flux Specified Flux
Boundary Boundary Boundary
VULLLLEIEE BRI X22R2221K
(@) (b) (c)
Single Single Single
Layer Layer Layer
90 em Soil Soil Soil
Cap Cap Cap
(w/o GT) (W/ GT) (w/ WL)
, Geocomposite
4 Drainage
i /| Layer
U 'tGl dient
nitsradien Unit Gradient
Boundary Boundary -- Waste Layer

(30-cm thick)

GT = Nonwoven Geotextile
WL = Municipal Solid Waste Unit Gradient
Boundary

Figure 4-1: Conceptual model used to simulate a lysimeter wiilayuand with (b) a
nonwoven GT and an actual cap with waste layer (c).
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having a dry unit weight equal to 0.54 gf’crﬁor loosely compacted MSW such as those

found within landfills at shallow depth (i.e. beneath the final cowesgturated hydraulic
conductivity of 103 cm/s has been reported (Mukherjee 2008).

Hydraulic properties of nonwoven geotextile were obtained from Padk a

Fleming (2006). The nonwoven, polypropylene, needle-punched, continuous fiber

geotextile has a mass per unit area of 55029Ar'rnh a thickness of 4.0 mm and an

opening size of 0.05 to 0.15 mm. It has similar properties to that gethtextile used in
the study of Stormont and Morris (2000). van Genuchten fitting paeasnevere
obtained based from the data points measured by Park and Fleming {@0@bg
geotextile’s water retention curve (Figure 4-2).

Figure 4-2 shows the soil water characteristic curves and tligadiic

conductivity functions for the geotextile and the waste presented alvle T4-1.

Table 4-1: Saturated and unsaturated hydraulic properties.

o
SoilMaterial] 35 3 o |wemHo0]| n - Reference
[cm /cm3] [cm /cm3] -1 [em/s]
(kPa ™)
Geotextile | 0.82 0 | 0.066 (0.663.99 | 1.5 x 16" |72 and Flemin
(2006)
OK 110 | -3 Mukherjee
Fine Sand 0.35 0.03 | 0.016 (0.16) 2.5 [ 6.4 x 10 (2008)
_ I 4 Khire et al.
SM Soil 0.42 0.02 0.005 (0.0p)1.48 | 2.7 x 10 (2000)
_ _ | -6 Khire et al.
SM-ML Soil | 0.35 0.02 | 0.012(0.12)1.123| 9.0 x 10 (2000)
-3 | Kazimoglu et al.
Waste 0.58 0.14 0.15(1.5 1.61.0x 10 (2006)
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Figure 4-2(b) shows that the unsaturated hydraulic conductiwfiehe nonwoven

geotextile and low unit weight MSW are about the same at er&idtions greater than

20 cm.
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Figure 4-3. Unsaturated hydraulic conductivity functions of thp sails and the
underlying nonwoven GT to illustrate the contrast ingK(relationships which is
conducive to the occurrence of capillary barrier effect.

Figure 4-3 shows the unsaturated hydraulic conductivity functionshé three
soils used to simulate the monolithic earthen cap and the underbatexgle (GT) layer
for lysimeter. In order for capillary barrier effect tocac, the minimum condition is that

the unsaturated hydraulic conductivity of the underlying coarsemnagtgporous material
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needs to be less than the overlying finer-grained soil layirgket al. 2000). Figure 4-3
shows that the unsaturated hydraulic conductivity of the geotéiilg is less than the

overlying OK110 sand at matric suctions greater than about 20 c2@. & suction, the

hydraulic conductivity of OK110 sand is relatively high (~ 6.0 >_<3mn/s). Figure 4-3

also shows that for the SM-ML soil, at about matric suction gqué&d cm, the hydraulic

conductivity of the GT drops below that of the SM-ML soil. The hyticaconductivity

of the SM-ML soil at 70 cm suction is about'71@m/s, which is relatively low. Hence,

while capillary barrier effect may occur for all threeils, its effect on percolation is

expected to be relatively small when SM-ML soil §K9.0 x 106 cm/s) is used.

Initial and Boundary Conditions and Numerical Control Parameters

For constant infiltration simulations, a specified flux was appdiethe ground surface
(Figure 4-1) for the lysimeter as well as for the actagl. &Vhile the upper boundary of
the cap is typically modeled as an atmospheric boundary, a spefiix boundary

provides a condition to readily identify and quantify when capillaeak occurs. The

specified flux was 1.5 x 16 cm/s, 6.1 X 165 cm/s, and 2.1 X iZ) cm/s for the OK110

fine sand, the SM soil, and the SM-ML soil, respectively. Tuae ¥ialues were selected
such that no runoff would be generated for the simulated cap and Itleewas low
enough to simulate unsaturated conditions in the cap. A unit gradient boeoddityon
was imposed on the lower boundary of the model domains. The unit gradierdary
used for the actual cap was applied to the bottom of the waste Fayer et al. (1992)

and Khire et al. (1997) have used this boundary condition for lysimetéise End

140



Mijares (2008) and Mijares et al. (2010) have used the same lmwedary condition
for simulations with waste layer.

Initial conditions were specified using matric suctions correspondingnt
average degree of saturation of about 40%. This value was used sonaktions for
consistency. A relatively drier (or wetter) initial conditioor fsoil caps impacted the
onset of percolation but did not impact steady-state soil wateaget and rate of
percolation. Spatial discretization of the model domain was optime conducting
sensitivity analysis. This was done by repeatedly refining nbdal spacing until
insignificant changes in simulated water balance parametas achieved. The nodal

spacing between the nodes located near the upper and lower boundarietatirely

small (1 mm). A maximum time step of 0.1 hr and a minimum step of 1(_)7 hr were

used for all the simulations. At any given time step, the maxinallowable mass

, -5 .
balance error for the whole profile was set at Xn. For all numerical analyses, total

mass balance errors were less than 1%.

For field-scale simulations, monolithic earthen covers thaé westrumented in
the field and numerically modeled by Khire et al. (1997) werealgaed in this study.
Instrumented field lysimeter test sections in East WenatdhNashington and Atlanta,
Georgia provided water balance assessment of earthen coversemdarid and humid
climates, respectively. In this paper, numerical simulations coeduby Khire
et al. (1997) were extended to incorporate a geocomposite draiyageiadhe base of
the actual soil profiles to determine whether a capillary boeakirs due to the GT for
the two test sections. Soil properties, meteorological data, bouratady initial

conditions, spatial discretization, and numerical controls were pattérom the original

141



simulations of Khire et al. (1997). Aside from including a geoteXayer at the base of
the models, additional simulations using SM and SM-ML soils wergedaout to
determine the effect of soil properties on occurrence of capibaeak under field
meteorological conditions. In all scenarios, the first yeatearelogical data was
repeated three times to model the long-term soil water storagdspercolation.
Extending the simulation results to additional 10 years did not chidmegéong-term

predictions.

RESULTS

Constant I nfiltration Simulations

Figure 4-4 presents the cumulative percolation and soil watexgstdor OK 110 sand

subjected to a specified flux equal to 1.5 x_416m/s at the upper boundary. The

predicted cumulative percolation and soil water storage for OK110vsidimgjeotextile
or with waste are almost identical. However, without GT, tbié water storage is
relatively low and percolation onset is early. The cumulativegbation without GT is
about 250% of the cumulative percolation with GT or waste. Therelfée in the
percolation is about 5 cm. Due to the relatively low unsaturated tly@mnductivities
of GT or waste when they are relatively dry, the soil wataage of OK110 sand builds
up high enough to increase the degree of saturation of the GT oaske ligh enough to
increase their hydraulic conductivities to carry the imposed dliuihe top boundary.
Figure 4-4 shows the evidence of capillary break created by nem@V or waste layer

when the overlying soil is a relatively permeable soil such as OK110 sand.
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Figure 4-4: Simulated cumulative percolation and soil wateagé&for OK110 fine sand
under specified flux boundary condition.

Figure 4-5 presents the cumulative percolation and soil watagstdéor SM soil

subjected to a specified flux equal to 6.1 x_616m/s at the upper boundary. The

predicted cumulative percolation and soil water storage for SMvithila geotextile and
with waste are slightly different. The cumulative percolattinout GT is about 210%
of the cumulative percolation with GT or waste. The difference in the percolstaout

5 cm. The percolation onset for the lysimeter with GT is dijgkérly compared to the

waste. However, without GT, the soil water storage is vegtilow and percolation
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onset occurs much earlier. Figure 4-5 shows the evidence of papitizak created by

nonwoven GT or waste layer when the overlying soil is an SM soill.
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Figure 4-5: Simulated cumulative percolation and soil wateagéfor SM soil under
specified flux boundary condition.

Figure 4-6 presents the cumulative percolation and soil wategstéor SM-ML

soil subjected to a specified flux equal to 2.1 >'<71cﬂn/s at the upper boundary. The

predicted cumulative percolation and soil water storage for SM-ML sdilawfeotextile,
without geotextile, and with waste are about the same. The cuweuladircolation

without GT is about 50% of the cumulative percolation with GT or wdste difference
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in the percolation is about 0.7 cm. Thus, while Figure 4-3 shows theapiiary barrier
effect is possible based on the differences in hydraulic condiegiwt the SM-ML soil
and the GT or the waste interface, due to relatively low hydraainductivity of the
SM-ML soil, the capillary barrier effect does not yield lovpercolation or significantly
greater soil water storage when a GT or waste layersex&ow the cap. Thus, capillary
barrier effect is less pronounced when the soils used forapehave relatively low

hydraulic conductivity.
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Figure 4-6: Simulated cumulative percolation and soil water stofag SM-ML soil
under specified flux boundary condition.
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Practical Implications

Based on the numerical results (Figures 4-4 to 4-6), evidence d&ocaparrier effect is
characterized either by a significant relative delay in ¢mset of percolation or
difference in the peak soil water storage of the soil cdvara monolithic soil cover, if
the underlying geotextile that is typically used at the lower bayridaa lysimeter is not
used, in order to satisfy the unit gradient lower boundary conditioméosgecified flux

at the top boundary, the matric suction at the lower boundary gbthshall equate the

suction value corresponding K( yf ) = q (the applied or specified flux) as shown in

Figure 4-7. This suction shall correspondytpin the unsaturated hydraulic function of
the soil where its unsaturated hydraulic conductivity is equéhecapplied infiltration
rate g. Hence, the soil profile would acquire a uniform water content equi{ &as

determined from its soil water characteristic curve (Figure 4-7a).
For a soil cap with underlying coarser layer, such as in ianéger with a

geotextile or an actual cap overlying a waste layer, the ietbosit gradient lower

boundary condition would require the matric suction in the coarser taydop toyc,

which corresponds to the unsaturated hydraulic conductivity of the dybe applied

infiltration rateq (Figure 4-7b). Consequently, at the interface, the suctign. i1 the

GT (or waste) and the overlying soil layer to satisfy contynuidence, the suction

distribution across the soil profile would e at the bottom, increasing nonlinearly
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upwards satisfying Richards’ equation but would not exceed a valyg Becausey is

less thanys, Oc would be greater thafls. This phenomenon, also referred to as the

capillary barrier effect, results in an increase in thevgaier storage of the soil cap when
a geotextile layer (or waste layer) is present. The increase inaeil storage results in a
significant delay in the onset of percolation as shown in Figures 4-4 and 4-5.

Figures 4-4 to 4-7 show that while capillary break is alwaysegmewhen a
nonwoven geotextile layer is placed below a soil cap, the magnitudlee capillary
barrier effect varies depending upon the hydraulic properties osdhecap and the
infiltration rate. Generally, as q decreases, the differéeteeeny. andy; increases
relatively rapidly and results in significant increase in tbie \sater storage. Thus, the

degree or magnitude of capillary barrier effect is higher wiheninfiltration rate is
smaller. As shown in Figure 4-7b, capillary break only occurs wlegrgw Knt. For a

typical atmospheric boundary condition that exists for caps, th&atibn rate varies.
While the scenarios modeled in Figures 4-4 to 4-6 assume consitirdtion rate to

illustrate the magnitude of capillary barrier effect forlsdiaving varying saturated
hydraulic conductivity, for earthen caps, the net infiltration ratetdates by orders of
magnitude on a weekly to seasonal time scales.

Hence, in order to evaluate the magnitude of the capillary baefiect, the
specified rate of infiltration was varied by several ordérsyagnitude for both SM soil
and SM-ML soil and the resulting effect on the SWS of the cap, antl without GT, is
presented in Figure 4-8. SWS ratio was calculated by dividin&We& of the cap with

the GT layer by the SWS of the cap without GT. SWS ratioeclés one indicates
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minimal capillary barrier effect while higher SWS ratigrsfies greater capillary barrier
effect. Figure 4-8 shows that the SWS ratio is close to 1 §pkified fluxes close to the
saturated hydraulic conductivity of the SM soil and SM-ML o capillary barrier
effect), respectively. As the specified flux was decreaseddifference in the soil water
storage became consistently higher. For SM soil, a sharp inciedbe SWS ratio

occurred indicating the presence of capillary break over a widge raf specified fluxes.
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Figure 4-8: Relative magnitude of capillary barrier effast a function of applied
specified flux for SM and SM-ML soils.
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For SM-ML soil, decrease in specified flux resulted only tghglincreased in SWS ratio
indicating a lower degree of capillary barrier effect.

A set of simulations was repeated by considering a thickec#i(180-cm thick)
for both SM and SM-ML soils to determine whether cap thickness wawe &n impact
on SWS ratio. As shown in Figure 4-8, the thickness of the cap had insignificahbeffec
the SWS ratio.

Thus, for earthen cover lysimeters which are typically boikind and semi-arid
climates where the net infiltration rate through the caewlly smaller than in humid
climates, the magnitude of capillary barrier effect would badrigind therefore needs to
be considered in modeling the cap or assessing the field resiytsmeter. However,

the results also show that regardless of the infiltration eastehen covers made up of

soils having relatively low hydraulic conductivities (less than Don/s) would result in

insignificant capillary barrier effect.

Field-scale Simulations
To confirm the key findings of the previously presented constantratidn simulations,
selective field-scale simulations were conducted for instrusdefi¢ld-scale lysimeters

located in semi-arid and humid climates.

Semi-arid Climate
Figure 4-9 shows the simulated percolation and SWS for a sdileprastrumented in
East Wenatchee, Washington by Khire et al. 1997. This simulafoesents an earthen

cap in a semi-arid climate built with 60-cm thick compacted &ttdree silty clay as
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cover soil having a saturated hydraulic conductivity of 2.2 )Z tt/s. A 15-cm thick

topsoil layer is included with a saturated hydraulic condugtieft4.5 x 105 cm/s for

surface vegetation.

For the first year, the measured percolation is 0.79 cm, wheneagated by
UNSAT-H without including the GT is 1.08 cm and 0.05 cm when the GTiveasled.
For the second year, the simulated percolation by UNSAT-H withelitding the GT is
1.53 cm and 0.86 cm when the GT was included. For the third year, théatsidh

percolation is 1.57 cm (without GT) versus 0.87 cm (with GT). Due teffieet of the
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Figure 4-9: Simulated cumulative percolation and soil water ggofar \WWenatchee soil
under semi-arid climate boundary condition.
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initial condition, while there is difference in the simulated pktton with and without
GT, the difference in percolation is relatively small whet@ar is considered or not
when long-term values of percolation are compared (3rd year irtdbe). Figure 4-9
shows that the simulated SWS when GT was considered versus whewass not
considered are almost identicelence, it can be inferred that, at this semi-arid site, the
effect of capillary break introduced by the GT on long-term percolation is ifisagrti
Figures 4-10 and 4-11 show the simulated percolation and SWS fooiS&hd

SM-ML soil, respectively, with and without GT under a semi-alich&te similar to the

60 T T T T T T T T T T T 30
N ; ___________________ Long Térm_ __________________ )
S SM Soil : Annual
50 | __..Semi-arid Climate _____________ Percolati;on _______________________
= 45 25 »
\LEL 40 =
© 35 [oprrroWe WS T rgrereeees Perc -wjo GT "1™ " ff o )
8 I P S '- ......... Perc! VY N C X I P - v
B :r .'.- : 20 §
2 &
2 ®
E El
E 15
O
* ' ' ' ' ' ' ' 10
0 365 730 1095

Time (days)

Figure 4-10: Simulated cumulative percolation and soil watergadi@ SM soil under
semi-arid climate boundary condition.
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Figure 4-11: Simulated cumulative percolation and soil water stdi@gSM-ML soil
under semi-arid climate boundary condition.

Wenatchee soil cap. The thickness of the soil profile and all e#ngbles were kept the
same except for the topsoil layer wherein relatively perneeatiformly graded medium
sand (SP) was used to reduce or eliminate runoff to allow astems platform to

compare the results. The saturated hydraulic conductivity adsigrtee SP topsoil was
-3
2.9x10 cm/s.

As shown in Figure 4-10, for the SM soil, the resulting SWS @ithis generally
higher than SWS without GT. Consequently, the percolation for adysimwith GT is

less than the percolation for a lysimeter without GT which indgatgnificant capillary
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barrier effect. In contrast, for the SM-ML soil, minimal drfface between simulated soill
water storage and percolation occurred for lysimeter withduv&sus lysimeter with
GT (Figure 4-11). Hence, the difference in the simulated peraol&dr the SM-ML soil
with and without GT is relatively small.

Peak SWS for SM soil with GT is 26.0 cm while for SM soilheiit GT is
19.1 cm or a 36% increase in storage capacity due to signitiegiitary barrier effect.
Whereas the peak SWS for SM-ML soil with and without GThania 27.3 cm. For the
original Wenatchee soil, peak SWS with GT is 25.8 cm while p&d& Sithout GT is
25.5 cm. Thus, the peak soil water storage can be used as an indicassessing the
magnitude of the capillary barrier effect as shown in SVo& giresented in Figures 4-8
to 4-11.

In order to compare the simulated SWS for all soil types withwithout GT,
simulated SWS for lysimeters with GT was plotted agaimstilsited SWS for lysimeters
without GT (Figure 4-12). The 1:1 line shows the region where SWf@vare the same
for a lysimeter with and without GT. Points above the 1:1 line spaord to higher SWS
for earthen cap lysimeters underlined with GT and indicateitbgence of capillary
barrier effect. As shown in Figure 4-12, SWS values for thenalig¢vVenatchee soil are
scattered near the 1:1 line indicating that there is irfgignt difference between the soill
cap with GT and without GT for field conditions that covered dry perasdaell as wet
periods. Similar trend is observed for SM-ML soil. Data points fdrs®il are scattered
far from the 1:1 line, in the upper left corner. Few data points ¥bis&@il that are near
the 1:1 line represent the initial condition wherein the samengtaralues of soil suction

was applied for both simulations with and without GT. As the inigiiting front moves
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through the SM soil, the soil cap with GT retains more waterpared to the soil cap
without GT resulting in the data points to shift above the 1:1 line. ifldisates that

capillary barrier effect is indeed significant for SM soil.
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Figure 4-12: Simulated soil water storage for lysimeter @ithversus without GT under
semi-arid climate boundary condition.

Humid Climate
Figure 4-13 shows the simulated percolation and SWS for an instrumigsimeter

located in Atlanta with and without GT. The field measured peticoland SWS for this
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lysimeter are presented in Khire et al. (1997). The earthen c#psirnumid climate

consisted of 90-cm thick compacted Georgia red clay as covehaoilg a saturated

hydraulic conductivity of 3.2 x i8 cm/s. The cap also consisted of a 15-cm thick topsoil

layer having a saturated hydraulic conductivity of 1.0 'f(" tn/s.
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Figure 4-13: Simulated cumulative percolation and soil water stdmgAtlanta soll
under humid climate boundary condition.

The first year percolation simulated by UNSAT-H without GTsimilar to the
result published by Khire et al. (1997). The resulting percolation.i$ cm for a

lysimeter without GT and 4.18 cm for a lysimeter with GT. UNSATinderpredicted
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percolation because it overestimated the surface runoff (Khak #097). For the third
year which would represent a long-term scenario, the resyingplation is 2.69 cm
(without GT) versus 3.10 cm (with GT). It can also be observed piiolation for

simulation with GT is slightly greater than that for sintigia without GT. The relatively
small difference is attributed to the mass balance errortegpby the model which is
about the same as the observed difference. Nevertheless, bledlifierence between
simulated percolations occurs for earthen cap without GT versusGaithFigure 4-13

also shows that simulated SWS for earthen cap without GT icle=g to the simulated
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Figure 4-14: Simulated cumulative percolation and soil watergadi@ SM soil under
humid climate boundary condition.
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Figure 4-15: Simulated cumulative percolation and soil water stdi@gSM-ML soil
under humid climate boundary condition.

SWS with GT. Thus, the peak SWS ratio is close to one. Hence, it can be inferred that the
magnitude of capillary barrier effect for this field study wasgnsicant.

Figures 4-14 and 4-15 show the simulated percolation and SWS fooiS&hd
SM-ML soil, respectively, with and without GT for the humid siteeThickness of the
soil profile and all other variables were kept the same exoephé topsoil layer where
SP soil was used instead. For SM soll, the resulting SWS witlar€Qreater than the
SWS without GT. In fact, the maximum SWS for the soil cap with®ilit is only

approximately equal to the minimum SWS for soil cap with GBkF®WNS for SM soil
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without GT is 36.7 cm while peak SWS for SM soil with GT is 42.6 @ama 16%
increase in storage capacity. Although this signifies swpmti capillary break, the
increase in SWS due to capillary barrier effect in a hummatk is not as high as the
increase in SWS for a semi-arid climate. The inherent frequieigth precipitation rate at
the humid location compared to the semi-arid location resultsgimehinet infiltration
rate for the soil cap. The resulting infiltration rate is mftedoser to the saturated
hydraulic conductivity of the soil cap. As Figure 4-8 illustratd®e magnitude of
capillary barrier effect under such conditions is less significant.

For SM-ML soil, peak SWS with and without GT is about the same @8)1
Hence, capillary barrier effect is insignificant because bothcaps, with and without
GT, achieved similar water content at the onset of percolati@kthreugh. This is also
evident from the cumulative percolation plot shown in Figure 4-15 whéath curves
(with and without GT) overlap.

Figure 4-16 shows the comparison of simulated SWS for lysimetgéhsGT
versus lysimeters without GT for all soil types for the huniiel. Data points for both
SM-ML soil and the original Atlanta soil spread near the 1:1 imaicating negligible
capillary barrier effect. In contrast, data points for SM am®@ scattered far from the 1:1
line signifying greater magnitude of capillary barrier effect.

Results of the field-scale simulations agree with the obsBengaobtained from
constant infiltration simulations. The hydraulic properties of ceads and the applied
infiltration rate(s) determine whether significant capill@arrier effect can be expected
or not when a nonwoven GT is considered or not in the numerical sionuldhe

magnitude of capillary barrier effect, as defined by tfiece on long-term percolation,
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Figure 4-16: Simulated soil water storage for lysimeter @ithversus without GT under
humid climate boundary condition.

introduced by the non-woven geotextile in the geosynthetic drainagiedbg lysimeter

is negligible when the saturated hydraulic conductivity of theisdess than 18 cm/s.

Figure 4-17 summarizes the annual percolation difference betiedystmeter without
GT and the lysimeter with GT for the first year and longatecenarios. Because landfill

earthen caps more often consist of soils having hydraulic condudheitys less than or

equal to 105 cm/s, the effect of GT on the long-term percolation is exdetdebe
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insignificant. Previous study of Scanlon et al. (2005) where stgnificapillary barrier
effect have been observed under a long-term (25-yr) numericalasiomubf an earthen

cover for their Texas site. The saturated hydraulic conduct¥itiye soil cover that was

simulated is 2.3 x 16 cm/s. Hence, the results of Scanlon et al. (2005) are consistent

with the findings of this study. The capillary barrier effecdy be significant if the

hydraulic conductivity is greater than'i(o‘.m/s.

SUMMARY AND CONCLUSIONS

This numerical study demonstrates that capillary break isdated when an earthen cap
is underlain by a nonwoven geotextile or low unit weight municipad sehste. While a
geotextile or a waste layer both create a capillary brbgkmagnitude of the capillary

barrier effect on the simulated percolation is negligible when daturated hydraulic

conductivity of the cover soils is 150cm/s or less.

Results from the field-scale simulations further show that wheneagillary
break exists, the capillary barrier effect maybe significdating the first year,
irrespective of the soil type or meteorological conditions.h&ssbil water storage of the
cap increases due to precipitation and when percolation ocayglary break is
breached and will only be restored if the cap dries up and returthe toriginal state
prior to percolation breakthrough. For humid climates, the capillaryebaifect is not
as significant as for the drier climates regardless of tliaklic conductivity of the
soils. Hence, for long-term percolation prediction, nonwoven gel#extay not be

considered when modeling earthen cap lysimeters.
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PAPER NO. 5: NUMERICAL ASSESSMENT OF PANLYSIMETERS
USED FOR ESTIMATION OF GROUNDWATER RECHARGE FOR
NATURAL SYSTEMS

ABSTRACT

A laboratory soil column consisting of fine sand with a saturayeldallic conductivity

-3 . . . .
of 4.5 x 10" cm/s was built and instrumented to measure its hydraulic resgons

constant infiltration of 1.5 x 16 cm/s. The numerical model UNSAT-H with a water

table lower boundary condition was able to accurately predict tle®lpgon and soil
water storage of the column. The calibrated numerical model wasfoisdield-scale
simulations that were conducted to determine whether percolationatst obtained
from pan lysimeters are representative of the groundwatdrange rate for the
corresponding natural system. Natural systems consisting of tmonabil profile were
simulated for semi-arid and sub-humid climates. This study dematestthat when pan
lysimeters are used for estimating groundwater rechargdyshmeeter should be thick
enough to overcome the capillary barrier effect introduced by therlasainage
boundary. Thinner soil profiles used for constructing lysimeter undmagsti the
recharge due to the capillary barrier effect. The highehtlaeaulic conductivity of the
soil profile, the thicker the soil profile needs to become in ofdethe lysimeter to
estimate the recharge accurately. Furthermore, in waiteates, the thickness of the soil
profile for the lysimeter could be less than the required prdiilekness for a drier
climate. Generally, a lysimeter thickness of 1.2 m would be gimda capture the
groundwater recharge for the natural system.
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INTRODUCTION
The primary source of groundwater recharge for natural sgsterprecipitation. The
groundwater recharge rate, which is also known as the ragplehishment of the water
in aquifers, is dependent on the rate of infiltration across the vadwose Estimating
groundwater recharge may be undertaken under different spatialemporal scales
depending on the required application and accuracy. Scanlon et al. (2@@@yicad the
techniques used in quantifying groundwater recharge based on thehtfuhedogic
zones: surface water, unsaturated zone, and saturated zone. Withiof ¢laese zones,
the estimation techniques are further classified as physical,, toaicermerical modeling.
Among all the techniques used for recharge estimation, the onhodhéhat is
considered direct for estimating natural groundwater rechasgetfie ground surface is
via the construction of a pan lysimeter. A pan lysimeter alo grovide accurate
measurement of the various components of field water balance which includetpmrcola
surface runoff, soil water storage, basal percolation, and evapotréonspitaysimeter
studies have been performed since the end of the 17th century (8dil&ata2007). In

the past, lysimeters are generally constructed using degplragdl pots with an open

2 o . .
surface area of about 1 mThese cylindrical lysimeters were typically used for

estimating groundwater recharge and were mechanically balamesdurately measure
fluctuations in soil water storage and measure the deep penolgor landfill earthen

cover application, pan lysimeters are more common. These lysenetee much larger
surface area to capture the field-scale heterogeneitids a&sicsoil macropores and
fractures (Benson et al. 1994; Khire et al. 1997). Changes in the aeit gtorage are

determined by installing water content sensors to monitor the watdent across the
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soil profile. A diversion berm is constructed along the perimaterder to divert surface
runoff from upslope of the lysimeter while directing the surfageoff within the
monitoring area to the collection system. The deep percolatmilécted by installing a
pea gravel drainage layer or a geocomposite drainage laye lawer boundary of the
pan lysimeter.

Recharge rates obtained from a lysimeter can be estimatéme scales from
minutes to years with a good precision of at least 1 mm/y&ae @nd Hillel 1988;
Scanlon et al. 2002). Because lysimeters yield good data to stuygeanechanisms,
Gee and Hillel (1988) pointed out that quantification of drainage aerassl profile
using lysimeters for a long period under field meteorological conditions couldiprtihe
basis for calibrating numerical models used for estimatiggpmal or local groundwater
recharge. Flow of infiltrated water through the unsaturated zorleetavater table is
controlled by the saturated and unsaturated hydraulic properties ofsdhe
(Krishnamurthi et al. 1977). In addition to the hydraulic properties, bourcdengitions
also influence the estimation of recharge when pan lysimetersissed because the
lysimeters introduce a drainage boundary that does not exibeimdtural system it

attempts to emulate.

OBJECTIVE

The key objective of the study presented in this paper is to maiherevaluate the

accuracy of the use of pan lysimeter to estimate naturthbrge. Natural groundwater
recharge rate is defined in this paper as the resulting rate of deep drhatagadhes the

groundwater table as a consequence of redistribution of waters dbesolil profile in
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response to the gradients in the energy state of the watesr (Fa90). Lysimeter basal
percolation rate is compared to the deep drainage rate teatrdhe accuracy of using
pan lysimeter in estimating natural groundwater recharge. Thpdwayneters evaluated
include hydraulic conductivity, thickness of the soil profile, and dmaln order to
validate the unsaturated flow model, a laboratory soil column undelgina
geocomposite drainage layer was built and instrumented to masitwil water storage
and deep percolation under constant infiltration. The calibrated numerexel was
used to conduct numerical simulations to predict groundwater recteegein semi-arid

and sub-humid climates using pan lysimeters.

LABORATORY SOIL COLUMN
A soil column consisting of OK110 fine sand underlain with a geocompdsaiaage

layer was built and instrumented to monitor its response under a roeesional

constant infiltration event. OK110 is a uniformly graded sand havigg dgual to

0.11 mm and USCS classification of SP (poorly graded sand). Figure 5-1 shows the photo
and the schematic of the 30 cm diameter soil column which was 28llcrihe column

was made up of a PVC pipe that was capped at its bottom. The&Mas modified by
inserting a circular plane to create a sloping impermeable bditmmdary where a
geocomposite drainage layer was placed. The geocomposite drayageonsisted of a
geonet sandwiched between two nonwoven geotextiles. Table 5-1 shqwsgbdies of

the soil and the geotextile used to fabricate the soil column. farperd plastic tubing

was placed around the circumference of the geocomposite drainagetdafacilitate

drainage of infiltrated water. A 2-cm diameter outlet tubing placed at the bottommost
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point to collect the percolation and measure the resulting outflt®y The entire set-up

was placed on top of a weighing scale to accurately measuneeod the changes in

the soil water storage.

VLY g=6mbU/min

A
--------- ®
<«— PVC pipe
i
t
15¢cm
+ ®
90 cm
®«—F— mini-TDR
sensors
[
®
ighing | , «—— geocomposite
e :v:;?: " o ; drainage layer

+— 30cm —»

Figure 5-1: Photo and schematic of instrumented laboratory soil column.

The laboratory soil column was instrumented with water content sensor
monitor the soil water storage. Six time domain reflectom@iR)-based water content
sensors were placed across the soil column with a verticahgpaf 15 cm. The mini-
TDR water content sensor has three pointed stainless steel oodsech into a polymer

head. The probe rods are 6 cm long, have a diameter of 0.15 cm, and ack lspac
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0.6 cm. The mini-TDR water content sensor was placed horizontathei initially dry

column of fine sand and was connected to a multiplexer and agigalto continuously
monitor and record the apparent dielectric constant. The empirdeliyed calibration
equation by Topp et al. (1980) was used to convert the measuretradiedenstants to
the instantaneous volumetric water contents.

To facilitate the application of a constant flux at the surtsdde sand column,
an elevated Mariotte bottle was connected to a coil of peefbratbing placed on the
sand surface that irrigated the column. A 15-cm thick pea grayet Wrapped with a
polymer insect mesh was also placed on top of the soil column tevachiuniform

wetting front.

Table 5-1: Saturated and unsaturated hydraulic propertidse ohéaterials used to build
the laboratory soil column.

Soil/Material ;?S ge,r @ n Ks Reference
(cm /cm3) (cm /cm3) (/em) (cml/s)
OK110 3 Mukherjee
Fine Sand 0.36 0.03 0.016 6.5|4.5x10 (2008)
, Park and Flemin
g
Geotextile 0.82 0 0.064 3.99 0.15 (2006)
. Khire et al.
4
GP Sail 0.30 0.01 0.574 2.44 1.0 (2000)

NUMERICAL MODELING
The finite-difference water balance model UNSAT-H (Fayer 200G used in this study

to mathematically simulate the response of the instrumentedatabprsoil column
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subjected to constant flux. Once UNSAT-H was validated for thedal column, it was
extended to conduct field-scale simulations to evaluate how lysincate simulate
groundwater recharge rates.

UNSAT-H numerically solves a modified form of Richards’ equatmedmpute
the flow of water through both saturated and unsaturated soil angbisleaf simulating
steady-state and transient conditions. Equation 5-1 shows the governitigredoat

UNSAT-H solves to mathematically simulate the flow of water in soil:

00 Oy 0 oy
———=——|K —+K - S(z,t ]
DLk e, -S@) ey

where @ is the volumetric water conten/ is the matric suction hea is the vertical
coordinate,t is time; KL (l//) is the unsaturated hydraulic conductivity for a givgn

K () =K (w)+K, () where K;(y) is the isothermal water vapor

conductivity for a giveny ; Oyt is the thermal vapor flux density; arfd is the sink

term that represents the water uptake by vegetation as @afun€tboth depth and time.
The thermal vapor flux density is calculated by applying Bid&iv of vapor diffusion.
Equation 5-1 assumes that fluid is incompressible, liquid wateriflasothermal, and air
phase is continuous and at constant atmospheric pressure. Khirfdl893@).summarizes
key features of UNSAT-H as they apply to simulating field-scale pamd&ysrs.

UNSAT-H assesses the water balance of the soil profile using Equaion 5-
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P,=P-RO-E-TAS (5-2)

whereP; is the basal percolatior? is the precipitation RO is the surface runoffE

is the surface evaporatior, is the plant transpiration, andS is the change in soil
water storage during a specified period of time. At the groundacrfUNSAT-H
separates the applied precipitation input into infiltration and surizmeff. The model
does not include as input the surface run-on or overland flow that runs onto the area being
modeled. It does not have algorithms for snowmelt and ground freezingy durnter.
UNSAT-H also does not consider interception of water by the pkrdpy nor delayed
infiltration of collected water in depressions on the soil se:f&Vhenever precipitation
exceeds the infiltration capacity of the soil profile, surfageff is generated to prevent
ponding on the surface. Once water has infiltrated, it moves upwalownward across
the soil profile, depending on the prevailing evapotranspirative and hydraadieigts.
Potential evapotranspiration is calculated from daily maximum anahmm air
temperatures, daily average dewpoint, net solar radiation, wind speedloud cover
using a modified form of the Penman equation as reported by DooreanboBruitt
(1977). Surface evaporation is calculated using an integrated fbraickds law of
diffusion that addresses the interrelationships between thesethossses: (1) the flow
of heat to and from the solil surface; (2) the flow of water tcsthlesurface from below;
and (3) transfer of water vapor from the soil surface to thesghere (Hillel 1980;
Fayer 2000). Transpiration is calculated by applying the potdrdiaspiration demand,
which is a function of the leaf area index and the growingosef® the vegetation,

across the root zone in proportion to the relative root density atieuper depth. Soil
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water storage is calculated by integrating the volumetriemeontent across the soil
profile. The resulting flux along the lower boundary is the basatolation or deep
drainage for the soil profile. UNSAT-H was specifically deped to estimate deep
drainage rates. This model has also been routinely used for eddégice modeling of
earthen caps (Khire et al. 1997; Khire et al. 2000; Benson et al. 2005; Scanlon et al. 2005;
Ogorzalek et al. 2008; Bohnhoff et al. 2009). For this study, one-dimensiondations

were carried out using UNSAT-H Version 3.0.

Material Properties

Laboratory Soil Column
Saturated and unsaturated hydraulic properties of the mateealsaibuild and simulate
the laboratory soil column are presented in Table Bakaturated hydraulic conductivity
functions were estimated using the closed-form van Genuchten-Muat@nession
where the pore interaction term was set to 0.5 (van Genuchten 1980).

Hydraulic properties of nonwoven geotextile were obtained from Padk a

Fleming (2006). The nonwoven, polypropylene, needle-punched, continuous fiber

geotextile has a mass per unit area of 55029Ar'rnh a thickness of 4.0 mm and an
opening size of 0.05 to 0.15 mm. It has similar properties to that gethtextile used in
the study of Stormont and Morris (2000). van Genuchten fitting paeasnevere

obtained based from the data points measured by Park and Fleming {@0Qbg

geotextile’s water retention curve (Figure 5-2).
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Figure 5-2: Water retention curves (a); and predicted hydraatiductivity functions (b)
for the materials used in the laboratory soil column.
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Field-scale Simulations

Table 5-2 shows the saturated and unsaturated hydraulic promdrthes soils used to
simulate the groundwater recharge for natural systems. The ratst@amn considered in
this study consisted of monolithic soil profile under semi-arid atdhaimid climates.

Figure 5-3 shows the soil water characteristic curves and thetuuaied hydraulic

conductivity functions for the soils presented in Table 5-2.

Table 5-2: Saturated and unsaturated hydraulic properties of theusedsto simulate
groundwater recharge rates.

Soils 3(?8 gr @ n Ks Reference
(cm /cm3) (cm /cm3) (Zem) (cml/s)
. Khire et al.
GP Saoil 0.30 0.01 0.574 2.44 1.0 (2000)
SP Sail 0.40 0.01 0.038 2.602.9 x 16° Khire et al.
' ' ' B (2000)
. -4 | Khire et al.
SM Soil 0.42 0.02 0.005 1.482.7 x 10 (2000)
. -6 | Khire et al.
SM-ML Soll 0.35 0.02 0.012 1.12B9.0 x 10 (2000)
: o 6 | Khire et al.
ML Soil 0.52 0.08 0.035 1.293.2x 10 (2000)

Initial and Boundary Conditions

Laboratory Soil Column

The initial condition was specified using a matric suction correspgnii the initially
dry OK110 fine sand. A specified flux was applied at the surtdcihe OK110 soil
column (Figure 5-1) which was equal to the actual rate of spdnkigter during the

laboratory experiment. These lower boundary conditions were simulatddtérmine
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Figure 5-3: Soil water characteristic curves (a); and predlitydraulic conductivity
functions (b) for the soils used to simulate groundwater recharge rates.

178



which would better predict the measured response of laboratorgadomhn under the
constant infiltration event: (1) a unit gradient boundary at the baffee OK110 sand
column; (2) a unit gradient boundary at the base of the nonwoven gedteatilmes the

OK110 soil column; and (3) a constant water table at the bage90fcm thick coarse
gravel (GP) that was hypothetically placed underneath th&10ksoil column. The

coarse gravel was necessary to be able to apply a constantalédyoundary condition
and the thickness was selected such that no upward flux of wétbewenerated on the
OK110 soil column due to capillarity of the gravel layer. Simitawer boundary has

been used for the field-scale pan lysimeters built in Detroit as presentageniNpo. 1.

Field-scale Simulations

For field-scale simulations, an atmospheric boundary condition wag@japlthe surface
of the monolithic natural system. The meteorological data obthynédhire et al. (1997)
for East Wenatchee, Washington and Mijares et al. (2010) for W&jwchigan were
used to simulate the semi-arid and sub-humid climate conditions,ctiespe The
precipitation was applied at an hourly frequency specifically duitie time intervals it
occurred during a particular day. To simulate long-term sgerthe meteorological data
was successively repeated at least 10 times to genergtécamulti-year data. The total
number of years of simulations or the number of times the metgaral data was
repeated varied depending on the soil profile. To determine the longsteady-state
condition, the criterion that was met was that the annual iratid final soil water
storage of the system should be equal. This was done to minimieebieof the initial

conditions on the simulated water balance quantities.
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Numerical Control Parameters

Spatial discretization of the model domain was optimized by comducensitivity
analysis. This was done by repeatedly refining the nodal spacihg insignificant
changes in simulated water balance parameters were achiBvednodal spacing

between the nodes located near the upper and lower boundaries waslyesanall

. . - . -7
(2 mm). A maximum time step of 0.1 hr and a minimum time stef®ofhr were used
for all the simulations. At any given time step, the maximdlowable mass balance

error for the whole profile was set at'iO:m. For all numerical analyses, total mass

balance errors were less than 1%.

RESULTS

Laboratory Soil Column

Figure 5-4 shows the measured cumulative percolation and soil statage response of

the OK110 sand column subjected to a constant infiltration rate of 1.54xcmﬂs

(6 mL/min) at its surface. The flux that was selected veas énough to maintain
unsaturated conditions in the soil column and that no surface water ponuolihg) be
generated. A much smaller flux value would not have been possibte the limitation
of the Mariotte bottle and the perforated tubing used to irrigatervon the top surface

of the sand column.

180



30 ! ! ! T T 30
OK110 Fine Sgnd ow ”.
25 |- K =45x107 cms.....| SN TN N AR

= Solid Lines - Measured : : W
= : : 7 ; o
S Dashed Lines - Simulated d ; 1 =
c 20 [ R ofF . Dot gt i 20 S
=] , ; ’ L =4
c—g Measuired_SWS /36@ "' / i
© 15 |- (Weighing) \{ R SRRREERE L SEEELEEES GT - 15 g
()] . . / N -
o E VAN g SRR ARy S : 2
o : / ' ’ : 4 ' ((%
2 SWS . ll : Py
?5‘ 10 "(Simulated) /' 'i""/ """""""""" 10 ©
=] : : L 4 ) 3
g uG /GW —»,/ Percolation

O g} S0 N AL A AU (Measured) . ¢

Measured SWS ¢ / '
(TD:R-Based) < : : Percolation
i ’ ( (Simulated)
0 | PR B = i 0
0 0.5 1 1.5 2 2.5 3

Elapsed Time (days)

Figure 5-4. Measured and simulated UNSAT-H cumulative peroaland soil water
storage for OK110 sand column.

As shown in Figure 5-4, the initially dry soil column reached emadyj-state
condition after 1.75 days of constant infiltration. Beyond this period, péimola
breakthrough occurred and the resulting rate of outflow became exjtia¢ tapplied
inflow rate. The measured soil water storage was determinaddyrating the measured
water contents from the six mini-TDR sensors that were pladtih the soil column.
The measured soil water storage agrees well with the mdaserease in the mass of
the soil column obtained from the weighing scale where the aloilnm was placed as a

weighing lysimeter. Figure 5-4 shows that the soil waterage initially increased at a

181



rate approximately equal to the applied infiltration rate. Afeeds, it reached its
maximum value of about 24 cm after 1.75 days which corresponds to thewvtien
percolation breakthrough occurred.

The measured cumulative percolation and soil water storage obfeamedhe
laboratory soil column experiment provides a dataset to validatéNBAT-H model for
various lower boundary conditions that are typically used. In addition the ealidaidel
is used to make predictions for field scenarios. Several boundarytionadwere
considered to determine which condition would better simulate theumeghflow in the
OK110 sand column. Figure 5-4 shows the simulated cumulative percolatiosodnd
water storage obtained from three types of lower boundary conditionsnugedmodel:
(1) UG which is a unit gradient boundary at the base of the monoKit10 soil
column; (2) GT which is a unit gradient boundary at the base of the nenvgeotextile
that lines the OK110 soil column; and (3) GW which is a constatgrwable at the base
of a 90-cm thick coarse gravel (GP) that was hypotheticallgeglaunderneath the
OK110 soil column.

As presented in Figure 5-4, the simulated cumulative percolation adndeater
storage obtained when the lower boundary is simulated as a fixeavi@Wid a gravel
layer best predicts the measured cumulative percolation and stér wtorage,
respectively. The UG and GT lower boundary conditions underestirttegeitine when
percolation breakthrough occurs. Both UG and GT lower boundary conditioms als
underestimated the maximum soil water storage reached Bgittwlumn under steady-

state condition.
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For the fixed GW within a gravel layer lower boundary, the medsared
simulated water content profiles are about the same. It canbalsobserved from
Figure 5-5 that due to the presence of the geocomposite dréayagén the OK110 soil
column, water builds up near the base of the soil column when percdlati@akthrough
occurs. This phenomenon indicates the occurrence of capillamgrbeffect. Khire and
Mijares (2010) pointed out that a geosynthetic capillary break ®echen the saturated

hydraulic conductivity of the finer grained soil layer in the capillary bars greater than

10_5 cm/s. This finding is consistent with the data collected from the sand column.

0 T 1. T r '. 1. T
/10 [ ESURUUUUUN JONUUURON ST o L EUUURONE SOOI OK110 Fine Sand ..._
20 \ . | K. =45x107cmis
Simulated Ji : : ;
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Condition) . Ny
< : : : :
3 S0 [o-remieee oo Measured
0 | | : | | |
e S RS S \
0 J) S S N ———
80 _.Water'content'profile
at breakthrough ; , ; ,
%0 | | i i | i |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Vol. Water Content (cm 3/em 3)

Figure 5-5: Measured and simulated water content profile for OKaé®and column at
breakthrough.
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Field-scale Simulations

Field-scale simulations were conducted to predict natural grodedwexharge rates in
semi-arid and sub-humid climates. Annual precipitation for Eastaif¢bee, Washington
is 26.5 cm with an annual potential evapotranspiration of 109.12 cm (PEXAR)was

selected to represent the semi-arid condition. Annual pretogoitbor Wayne, Michigan

is 86.2 cm with an annual potential evapotranspiration of 87.30 cm (PETAPL}was

selected to represent the sub-humid condition.

Monolithic natural systems consisting of 7.5 m thick soil profileen@mulated
to determine the resulting groundwater recharge rates frompfieech meteorological
data. A deeper solil profile up to 60 m thick was also considered tordetewhether the
thickness affected the estimates for groundwater recharge. Alatxed were determined
at different depths of the soil profile and compared to lysingiteulations. Lysimeter
simulations consisted of the same soil profile with thickness equal to the deptkeghéher
actual fluxes for the natural system were determined. Figtieshows the conceptual
model of the monolithic natural system and lysimeter used fornnindations. Based on
the accuracy of GW boundary observed from the sand column experaniexed GW
within a gravel layer lower boundary condition was used to deterthmgercolation

through a lysimeter and the recharge for the natural system.

Semi-arid Climate

Figure 5-7 shows the simulated groundwater recharge rates fomtumal system

consisting of SP soil (poorly graded sanduikc 2.9 x 103 cm/s) under a semi-arid
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Figure 5-6: Schematic of a lysimeter (a); and a monolithiarabsystem (b) used to
estimate natural groundwater recharge rates.
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Figure 5-7: Simulated natural groundwater recharge ratesyamdeter percolations for
SP soil in a semi-arid climate.

climate. The annual long-term recharge rate is about 14.0 cm veh@pproximately

53% of the precipitation received at the ground surface. Figiralso shows the actual
fluxes at different depths across the soil profile. Becaussitingation represents long-
term scenario under steady-state condition, the cumulative fltxesi@us depths across
the soil profile are the same. This finding is consistent wit@ tontinuity and

conservation of mass that must be satisfied. However, as showgune B7, the plot of

cumulative flux at shallower depths shows greater fluctuationsle®per depths, the
fluctuations dampen because the effect of evapotranspirative gradient ighéssasit.
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Figure 5-7 also presents the cumulative percolation obtainedirbylating
corresponding lysimeters having soil profile thickness rangiogh f0.6 m to 1.8 m.
Figure 5-7 shows that lysimeter having soil profile thicknésss than 1.2 m
underestimates the groundwater recharge. As the lysimetdmésE increases, the

percolation captured by the lysimeter more closely approxén#dte groundwater

recharge. Thus, for SP soil, which has g#of 2.9 x 103 cm/s, under a semi-arid

climate, would require at least 1.2 m thick soil profile for tlysinheter to be
representative of the natural system.

Figure 5-8 shows the simulated groundwater recharge ratesnfaueal system

consisting of SM soil (silty sand;sl¢= 2.7 X 1(_)4 cm/s) under a semi-arid climate. The

annual long-term recharge rate is 0 cm. This shows that thauigdconductivity of the
soil impacts the natural recharge. Lower hydraulic conductiviégydya lower recharge
rate. Similar to SP soil, the plot of cumulative flux at shadlowepths shows greater
fluctuations and the fluctuations dampen at deeper depths. However, patticuilar
case, due to the hydraulic conductivity of the SM soil being arr ofd@agnitude lower
than SP soil, the resulting groundwater recharge becomes zero. teyssimulations
consisting of 0.6 to 1.2 m thick profiles also predicted zero peraolfdr the SM soil in
the semi-arid climate. Field measured percolation for thddfdusite (Fayer et al. 1999)
in Richmond, Washington similarly resulted to zero percolatiossrédr 1.0 and 1.5 m

thick silt loam lysimeters.
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Figure 5-8: Simulated natural groundwater recharge rate$ysinteter percolations for
SM soil in a semi-arid climate.

Since the SM soil profile yielded zero recharge rate and lysmpercolation for

the semi-arid climate, an SP-SM soil having hydraulic comdticin between SP and

SM was simulated. SP-SM soil (poorly graded sand with silt) hag; afts.8 x 104 cm/s

and has unsaturated hydraulic properties that are similar ®Rtsoil. Figure 5-9 shows
the simulated groundwater recharge rates for a natural sygstesisting of SP-SM soil.
The annual long-term recharge rate is about 13.3 cm and is sligh#ly than the annual
long-term recharge rate for the SP soil due to a lower bidreonductivity. Figure 5-9

also shows that a lysimeter having a soil profile thickness tdast 0.9 m would be
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needed to capture the natural groundwater recharge rate. This thicklessscompared
to that required for SP soil due to a lower hydraulic conductiVitys, a lower hydraulic

conductivity of a soil profile requires less thick lysimeter toelgeivalent to the natural

system.
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Figure 5-9: Simulated natural groundwater recharge rate$ysingeter percolations for
SP-SM soil in a semi-arid climate.

Sub-humid Climate
Figure 5-10 shows the simulated groundwater recharge rates f@tuaal system

consisting of SM soil in a sub-humid climate. The annual long-term rechategis about
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15.5 cm which is approximately 18% of the precipitation. Figure 5l4® shows the
cumulative percolation obtained from lysimeter simulations witfecht thicknesses
(1.8 to 6.0 m thick). It can be seen that the lysimeter underessirttegegroundwater
recharge rate. A lysimeter with a thickness greater @@mn is necessary to capture the

annual groundwater recharge rate.
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Figure 5-10: Simulated natural groundwater recharge rates sintebgr percolations for
SM soil in a sub-humid climate.

Figures 5-11 and 5-12 present the simulated groundwater rechéegefan a

natural system consisting of SM-ML and ML soils, respectively, urmsdsub-humid
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climate. SM-ML is sandy silt with &= 9.0 x 106 cm/s and ML soil is silt with Kg¢=

3.2 X 166 cm/s. In order to eliminate surface runoff, a 0.6 m thick topsoil layer tmgsis

of SM soil was considered. The annual long-term recharge rat&SNbBML soil is
approximately 6.65 cm and 5.66 cm for ML soil due to lower hydraulic condies.

For both soils in sub-humid climate, Figures 5-11 and 5-12 show that at least 0.6 cm thick
lysimeter (with a 0.6 cm topsoil layer) is necessary touraepthe annual groundwater

recharge rate for the natural system.
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Figure 5-11: Simulated natural groundwater recharge rates sintebgr percolations for
SM-ML soil in a sub-humid climate.
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Figure 5-12: Simulated natural groundwater recharge rates sintebgr percolations for

ML soil in a sub-humid climate.

Practical Implications
Figure 5-13 shows the ratio of groundwater recharge rate for umahaystem and
percolation estimates obtained from a lysimeter using variogknégsses of the soil

profile. Figure 5-13(a) shows that for semi-arid climates, doils with saturated

hydraulic conductivity greater than _fO:m/s, the lysimeter needs to be relatively thick to

obtain representative recharge estimates. Whereas for sub-hiimmdes as shown in

Figure 5-13(b), for soils with saturated hydraulic conductivigatgr than 1'8 cm/s, the
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lysimeter needs to be very thick (6 m or more) to obtain repedsentrecharge
estimates. This is because the capillary barrier effesignificant for these permeable
soils that would cause the lysimeter to measure lower peamglathereby
underestimating the recharge rate. Figure 5-14 shows the ragi@widwater recharge
rate for a natural system and percolation estimates obtamadafrl.2 m thick lysimeter
for various saturated hydraulic conductivity of the soil. It can lem ¢kat for a given
lysimeter thickness, as the soil becomes permeable, the tgsipercolation further
underestimates the recharge rate.
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SUMMARY AND CONCLUSION

This study presents a numerical assessment of rechaggestahated by lysimeters as a
function of thickness of soil profile, hydraulic properties of sadlsd the climate. A
laboratory soil column consisting of fine sand underlain by a geocomprsiteage
layer was built and instrumented to monitor its response under obmsfitration of
water from the surface. Among the UNSAT-H simulations thatewearried out, the
numerical model with a fixed GW table within a gravel laymwvdr boundary condition
was able to capture the measured cumulative percolation and seil siatage for the
instrumented soil column relatively accurately. The calibrated hwale used for field-
scale simulations to determine natural groundwater rechatge far natural systems
consisting of monolithic soil in semi-arid and sub-humid climatesingter simulations
were also conducted to determine whether percolation estimatageubtfrom a
lysimeter are representative of the groundwater rechargefamatthe corresponding
natural system.

The numerical results suggest that the lysimeter soil proékds to be thick
enough to minimize the capillary barrier effect that is itably introduced at the lower
boundary. The capillary barrier effect results in the underestimaof natural
groundwater recharge rate. In general, in wetter climateshitieness of the soil profile
for the lysimeter could be less than that required for a direate. In addition, a lower
hydraulic conductivity soil profile would require a thinner soil geofio capture the
recharge as opposed to a higher hydraulic conductivity soil profterefore, site
specific water balance simulations need to be carried outedtszlysimeter in order to

account for the effect of these key parameters.
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SUMMARY AND CONCLUSIONS

This dissertation aimed to evaluate the difference in the bldrperformance of a

lysimeter versus an actual earthen cap with underlying landfilled waste.

Field-scale test sections were built and instrumented andillanear Detroit,
Michigan consisting of compacted and uncompacted native glaci@l#yl) soils. These
caps were 1.8 m thick. Lysimeter pans were installed in the middtach test sections
to collect and quantify the percolation through the soil covers. Theimmshted area of
the test section was expanded upslope and downslope of the lysinrataritor the soll
water storages within and beyond the lysimeter footprint in aodevaluate the effect of
a lysimeter lower boundary.

Water balance models UNSAT-H and Vadose/W were used tdatarnthe field
measured percolation and soil water storage and to estihefgetcolation across the
interface between the overlying soil cap and the underlying |ltbfvaste. Field-scale
simulations under semi-arid and humid climates were also condiecct@etermine the
effect of the hydraulic properties of the cover soils dredunderlying waste, as well as
the presence of a nonwoven geotextile, on percolation values measured by thedysimet

The key findings of this study are as follows:

Q) Percolation for the compacted clay test section was about few nelfsyer year
versus it was in tens of centimeters for the uncompactedetegirs due to about
two orders greater field hydraulic conductivity.

(2) The soil water storages for the portions of the uncompadeddetion that were

underlain by the waste were typically greater than those focdhesponding
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3)

(4)

(5)

(6)

lysimeters. However, for the compacted test section, therenwasignificant
difference between the soil water storage for the actual cap andithetbrs
UNSAT-H and Vadose/W were able to simulate the measured percolabogh
the compacted test section. However, both numerical models were aotoabl
capture the macropore flow through the uncompacted test sectionilyrithoi@ to
incapability of these models to simulate non-Darcian flow. atenms in the field
measured soil water storages were generally captured by the nuimmeriieds.
Estimated percolation across the interface between the iogesiyil cap and the
underlying landfilled waste showed upward fluxes of water which atescthat
the overlying soil cap has the capability to pull moisture frbm wnderlying
material under evapotranspirative gradients. Thus, net percolatiacttal caps
predicted by the validated models was negative.

The numerical results indicate that lower soil water giorresponds to greater
percolation, and vice versa. The lysimeter generally has lovlewater storage
than the corresponding actual cap. The lysimeter, in generallts in greater
percolation compared to the corresponding actual cap. The lysimetas aetual

cap hydrologic performance difference becomes relatively sinéié hydraulic
conductivity of the soil is less than_?@:m/s.

The capillary barrier effect that is introduced by a nonw@esiextile used as a
drainage layer in a lysimeter influences the long-term paticol significantly

only when the saturated hydraulic conductivity of the soil is tgrethan
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10_5 cm/s. In addition, for humid climates, the capillary barrieedffis not as

significant as for the drier climates regardless of trardnylic conductivity of the

soil.
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