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Abstract: A site-specific unsaturated flow investigation was undertaken for the design of an evapotrandfifgto@ver system at the
Operating Industries, In¢OIl) Superfund landfill in southern California. This cover system constitutes the first ET cover approved by the
US Environmental Protection Agency for construction at a Superfund site. Percolation control in an ET cover system relies on the storags
of moisture within the cover soils during the rainy season and on the subsequent release of the stored moisture by evapotranspiratic
during the dry season. The site-specific sensitivity evaluation shows that percolation response to design parameters such as rooting dep
cover thickness, and saturated hydraulic conductivity is highly nonlinear. This facilitated selection of the design parameters in the final
cover. The analyses also provide insight into the effect of irrigation, increased natural precipitation, and initial moisture content of the
cover soils. Unsaturated flow analyses performed for closure design at the Oll site show that an ET cover is feasible for a wide range o
conditions. Equivalence demonstration procedures using site-specific weather conditions and soil-specific hydraulic properties wer:
developed to evaluate compliance of the proposed alternative cover with the prescriptive system. A laboratory testing program, imple:
mented to determine the hydraulic characteristics of candidate borrow soils, indicated that placement conditions do not affect significantly
the moisture retention properties of the compacted soils.
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Introduction lection of the appropriate cover for each hazardous waste site
) ) ) ) should carefully account for local weather conditions of the site
A numerical study was performed to identify and quantify the nder investigation.
parameters that govern the design of evapotranspird® The approach implemented for cover design at the OIl Super-
cover systems for landfills in arid and semiarid regions. The in- fynq site involves generic and soil-specific numerical simulations
vestigation was prompted by the need to quantify the design pa-that account for site-specific weather conditions. A general over-
rameters of an alternative cover system for the former Operatingjew of ET cover systems, the Oll Superfund site, and the char-
Industries, Inc(Oll) Landfill, now a Superfund site. The analyses 4cteristics of the numerical simulations implemented in this study
documented herein led to the first ET cover system approved by gre initially discussed. The resuilts of site-specific numerical simu-
the US Environmental Protection Agen@ySEPA for construc-  |ations are then presented to evaluate the performance of a base-
tion at a Superfund site. . line ET cover and a prescriptive cover. The results of a parametric
Federal- and state-mandated cover systems for municipal andsydy, performed to identify and quantify the parameters govern-
hazardous waste landfills in the United Stafes., prescriptive  ing the performance of ET covers, are subsequently presented.
coverg have endorsed the use of resistive barriers. Percolation Finally, after discussing the final selection of cover design param-
control in resistive barriers is typically achieved by constructing a gters at the site, the paper presents the results of an equivalence

compacted clay liner with low saturated hydraulic conductivity. gemonstration performed using soil-specific hydraulic properties.
However, the focus of this investigation is on alternative, ET

systems constructed using soils with low susceptibility to desic-
cation cracking(e.g., silts, low-plasticity clays These systems
are expected to result in superior covers for arid climates in spite

of the higher saturated hydraulic conductivity of low-plasticity Cover systems for waste containment have conventionally been
soils. An underlying concept emphasized in this study is that se- designed using “resistive barriers,” in which leachate generation
is reduced by constructing a linée.g., a compacted clay layer
!Assistant Professor, Univ. of Colorado at Boulder, Campus Box 428, with low saturated hydraulic conductivitiypically 10°° m/s or
Boulder, CO 803009. lesg. Percolation control in this comparatively simple system is
“Site Manager, New Cure Inc., Monterey Park, CA 91755. achieved by maximizing overland flow. However, designing a

SAssociate, GeoSyntec Consultants, Huntington Beach, CA 92648. truly impermeable barriefi.e., one leading to zero percolation

Note. Discussion open until November 1, 2003. Separate discussionsshomd not be within any engineer's expectations. Instead, the
must be submitted for individual papers. To extend the closing date by : ’

one month, a written request must be filed with the ASCE Managing ler;gln(?[er shquld almtaltl des:cgnlnlg a systemtf[ff'latt.rnlnlr?[(zr]gs p‘?rF’o'
Editor. The manuscript for this paper was submitted for review and pos- a_lon 0 enVIronm_en ally saie ya ues._ann mcaton or this mini-
sible publication on June 9, 2000; approved on September 18, 2002. ThisTized, though finite, percolation of liquid into the waste poses

paper is part of thelournal of Geotechnical and Geoenvironmental ~ Significant challgnges. )
Engineering Vol. 129, No. 6, June 1, 2003. ©ASCE, ISSN 1090-0241/ Evapotranspiration and moisture storage, two components usu-
2003/6-427-438/$18.00. ally not considered in the design of resistive barriers, become
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significant elements in the performance of this system. The nov- Evapotranspirative Cover at Oll Superfund Site:
elty of this approach is the mechanism by which percolation con- Phases in Analysis

trolis achle\{ed: an ET cover acts not asa bar.m.ar, t.)Ut as a spongery, analysis and design of the ET cover at the Oll Superfund site
or a reservoir that stores moisture during precipitation events, and; . o4 unsaturated flow simulations conducted using the com-

then releases it back to the atmosphere as evapotranspiration. A'buter programLEACHM (Hutson and Wagenet 1992 EACHM
though the adequacy of alternative cover systems for arid loca-js 4 one-dimensional finite-difference water balance model that
tions has been acknowledged by field monitoring assessmentg,ses Richards’ equation to simulate unsaturated water flow. The
(e.g., Anderson et al. 1993; Nyhan et al. 1997; Ward and Gee model has algorithms to predict evaporation from the soil surface
1997; Dwyer 1998 procedures for quantitative evaluation of the and transpiration by plants. The soil surface is considered hori-
variables governing the performance of this system have not beenzontal, and precipitation in excess of the infiltration capacity of
compiled in the systematic manner required for design at hazard-the profile is shed as overland flow. The program has fitting rou-
ous waste sites. tines to compute moisture retention parameters from experimental
The hydraulic conductivity of low-plasticity soils typically data. Moisture retention is described by Campbell's equation
used in ET covers is higher, under saturated conditions, than the(Campbell 1974
hydraulic conductivity of typical clay barrier materials. However, h=a(6/6g)"° (1)
under unsaturated conditions, the hydraulic conductivity of low-
plasticity soils is typically less than that of clays. ET covers have ; . .
also been referred in the technical literature as monocovers,tem;es:vomme'[rIC moisture content at saturation; anandb

monolithic, store-and-release, and soil-plant covers. They are usu- constants. By applymg_ a capllla_ry model to Ed‘.)’ an unsat
. . . urated hydraulic conductivity function can be defined @amp-
ally vegetated with native plants that survive on the natural pre-
2 " bell 1979
cipitation. In addition, ET covers are less vulnerable than clay
barriers to desiccation and cracking during and after installation, K(8)=Kg(8/65) 20F2+P 2

are relatively simple tp construct, require low maintenaqce, anq where K ()= hydraulic conductivity at a volumetric moisture
can be constructed Wlth a reasonably broad range of soils. _As iNcontentd; K= saturated hydraulic conductivity; anm= pore in-
the OIl Superfund site, ET covers may represent a technically teraction parameteusually set to 1
superior alternative than prescriptive covers when the design is  The evapotranspiration subroutines are based upon the meth-
governed by stability considerations. ods of Childs and Hank&1975. Potential evapotranspiration is
The OIl Superfund site is located in the city of Monterey Park, defined from pan evaporation measurements and a pan factor, or
California, approximately 16 km east of downtown Los Angeles. from Linacre’s formulatior(Linacre 1977. Potential evaporation,
Before implementation of the final closure system at the site, the potential transpiration, actual evaporation, and actual transpira-
refuse mass reached over 76 m above grade with slopes as steeon are then defined based on a crop cover fractfaaction of
as 1.3H:1V. The landfill, a former sand and gravel quarry pit ground surface blanketed by leayesurrent pressure head, and
excavated up to 60 m deep in places, was filled with solid and unsaturated hydraulic conductivity values. Specifically, the maxi-
liquid wastes over a 40-year period. There is no evidence mum possible evaporative flux density is estimated at the ground
indicating that subgrade preparation or installation of a liner surface using the current pressure head and conductivity for the
system took place prior to the placement of solid waste in top nodes. Sink terms are used in Richards’ equation to represent
the quarry. The maximum vertical thickness of the solid waste water uptake by plant rootdlimah and Hanks 19733Hutson and
in the landfill is approximately 100 m. The landfill received Wagenet(1992 provide additional information on the evapo-
waste until 1984, when an interim soil cover of variable thickness transpiration algorithms. S
(1-5 m was placed on top of the landfill. The site has been To simulate flow and redistribution of water in soil using finite

undergoing final closure under the USEPA Superfund program difference techniques, the profile is divided into segments and the
since 1986. total time period is divided into intervals. The Crank—Nicolson

A variety of site characterization and seismic studies were un- IMPlicit method is used to solve the nonlinear system. The upper
boundary condition can vary between ponded infiltration, non-

dertaken as part of predesign analyses for final closure of the site S )
(e.g., Matasovic and Kavazanjian 199&election of the final ponded infiltration, upward evaporative flux, and zero flux. The

cover system at the site was driven by stability concerns, which model choices for the Iow_er_ bound_ary gondlt!on mcluo_le flxe(_i-
. o . depth water table, free draining profile with unit hydraulic gradi-
led to the identification of alternative covers such as exposed

eomembrane and ET cover systems. One of the reasons for con?m at the boundary, and fixed pressure head.
9 Y ) LEACHM was selected for analysis at the Oll Superfund site

sidering alternative covers for final closure was the difficulty in because:(1) the code was particularly suitable for parametric
demonstrating adequate stability of conventional covers underevaluations, which was a significant component of this sté@ly;
static and seismic conditions. Although an exposed geomembrangq | experience was available involving comparison of measured
cover would be stable under both static and seismic conditions, y4 evaporation data with predicted values for the arid climate of
evaluation of the uplift by wind of the geomembrane becomes a sqythern California; andg) it had received acceptance by local
key design consideratiofzornberg and Giroud 1997; Bouazza regulatory agencies for projects in CaliforniZZACHM has been

et al. 2002. Finally, an ET cover system was selected because of ysed and tested processes in agricultural projects involving com-
aesthetic, economical, and technical considerations. Selection ofarison between lysimeter measurements and numerical results
this system allowed the use of geogrid reinforcements on steep(Majeed et al. 1994; Hagi-Bishow and Bonell 2000; Sogbedii
portions of the landfill to satisfy static and seismic stability design et al. 2001a,b However, no comparisons have been made to date
criteria. The analyses presented in this paper document the probetween lysimeter data from covers and model predictions. The
cedures that led to the design of the final ET cover system, theoriginal version of the. EACHM code was modified as part of this
construction of which was completed in April 2000. investigation to accommodate analyses involving longer

where h=pressure heacsuction; 6 =volumetric moisture con-
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periods of time and moisture retention functions other than those Table 1. Properties Used in Baseline Cover Analysis
implemented in the original version of the code. Other codes,

. Property Value
such asUNSAT-H(Fayer and Jones 199HYDRUS-2D(Simu-

nek et al. 1995 and SoilCover(Geo2000 1997have also been SOl Campbell parametex —4.89

used for simulation of ET cover systerfid/ilson et al. 1999 properties Campbell parameter 4.215

_ The approach followed for analysis of the cover at _the s_ite Weather Yearly average precipitation 379 mm

involved f|ve phases undertaken to define the cover conflgurgtlon, data Standard deviation 103 mm

evaluate its performance, and demonstrate regulatory compliance:

1. Evaluation of the hydraulic performance of a baseline ET Vegetation Rooting depth 300 mm
cover. This provides understanding of the general mecha- data Wilting point 1500 kPa
nisms of water transfer within an ET cover under site- Minimum root potential 3000 kPa
specific weather conditions. Maximum potential/actual transpiration ratio 1.1

2. Equivalence demonstration of the baseline cover system. Root resistance ratio 1.05
This phase evaluates regulatory compliance of the baseline Crop cover fraction 0.75
cover by comparing percolations estimated through the ET . . i .
cover and the regulatory-mandat@atescriptive cover. Modeling Initial volumetric moisture 23%

3. Sensitivity evaluation of parameters governing the hydraulic Parameters Number of nodes 25
performance of ET covers. This evaluation quantifies the Maximum time step 0.05 day

sensitivity of parameters governing the design of an ET

cover (e.0., rooting depth, cover thickngsand provides a weather information as input for unsaturated flow analySger-

site-specific basis for the final cover design. . o
4 Com;g)ilation of the ET cover design at t‘ct‘1e Oll Superfund mont angl Morris 1988 Weather.con.dltlons generated for BQ .
site. This includes final selection of the cover design param- years using data for southern California led to an average precipi-
) tation of 379 mm/year and an average evapotranspiration of 1015

eters based on results obtained in the previous three phases . ) .
- : o . - . mm/year. The synthetically generated weather information com-
using site-specific, though generic, soil information.

5. Equivalence demonstration of the selected cover layout IOer_pared well to records from meteorological stations in the vicinity

formed using site-specific and soil-specific hydraulic proper- ?r]: tthe le” Landflltl (dPerC(t)rI]atlo_nf 19972.' Conse((]juentlyathe syn- N
ties measured for each candidate borrow soil. This final [eucally generated weather information was deemed representa-

phase accounts for the moisture retention properties of thetive of the conditions at the site for the purposes of the analyses

actual soils used for construction. presented n this investigation. .
Vegetation data needed for the unsaturated flow analyses in-

clude rooting depth and distribution, plant growth optigosn-
Baseline Cover Evaluation stant vegetation, “growing” vegetationwilting point, minimum

root potential, maximum ratio of potential to actual transpiration,
A baseline ET cover was initially evaluated as part of this inves- root resistance, and dates for germination, emergence, maturity,
tigation. The selected baseline cover was a 1500-mm-thick singleand harvest. Since the rooting depth of native annual grasses in
soil layer with a saturated hydraulic conductivity of 70m/s and southern California ranges from 200 to 450 mm, an average root-
moisture retention characteristics typical of silty soils. Unsatur- ing depth of 300 mm was selected for the baseline analysis. Ad-
ated flow modeling of the cover requires initial definition of soil ditional parameters, selected based on previous experience and on
retention properties, weather data, vegetation data, finite differ- defaultLEACHM values, are listed in Table 1. A crop cover frac-
ence nodal arrangement, initial moisture, and boundary condi-tion of 0.75 was considered in the analy$¥3ercolation” 1997).
tions. The 1500-mm-thick cover profile was divided into 25 seg-

The relative merits of the different functions used to represent ments for the finite difference nodal arrangememntiform nodal

the suction-volumetric moisture-hydraulic conductivity relations spacing of 60 mm The maximum time step was set at 0.05 day.
of unsaturated soils have been discussed at length in the technicalhe actual time step was lower, as it is reduced to gain accuracy

literature (e.g., Khire et al. 1995; Leong and Rahardjo 1097 during calculations depending on the precipitation rate. The flux
this investigation, the unsaturated characteristics of cover soilsboundary condition at the surface of an unsaturated soil is deter-
were represented using the relations defined by Camft@i1). mined by both atmospheric forcing conditions and the hydraulic

The numerical code used in this investigation includes this unsat-properties of the surficial soil§Wilson et al. 1994; Choo and
urated function, which fits well the experimental data obtained for Yanful 2000. A unit gradient boundary condition, commonly
soils used for cover construction. A decision was made early in used in previous unsaturated flow modeling effdfayer et al.
the design process that baseline cover simulations would be per-1992; Khire et al. 1999 was adopted in this investigation. Al-
formed using generic soil properties accepted by USEPA review- though use of this lower boundary condition was deemed conser-
ers. Accordingly, moisture retention parameters selected for thevative(i.e., flow is always directs downward at the boundatiye
baseline cover were based on silty soils data reported by Bensorappropriate selection for the lower boundary condition is not ob-
et al. (1994. The average fines content reported for these soils is vious. It has been recognized, for example, that this boundary
54% and the Plasticity Index is 5%JSCS designation ranges condition would not be appropriate if capillary barrier effects
over CL to ML). Campbell’s fitting parameters used for the base- occur at the base of the liner systd®hackelford et al. 1994
line cover are listed in Table 1. However, a unit gradient lower boundary condition was selected
Weather data needed for the analyses includes daily precipita-because the engineered cover under evaluation rests over silty
tion and daily minimum and maximum air temperatures. Precipi- soils (foundation layer rather than directly over coarser material.
tation and temperature information was generated synthetically Initial conditions for the unsaturated flow analyses were specified
from the database provided by USEPMELP code (Schroeder by assigning initial moisture content to each node. The volumetric
et al. 1994. Other investigators have also usdé&LP-generated moisture content used as the initial condition corresponds to the
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(a) Moisture Storage Overland (b) Moisture Storage Overland
Change (%) Flow (%) Change (%) Flow (%) Percolation (%)
-3.12 21.86 -2.30 7.80 1.86
Percolation (%)
0.37

Evapotranspiration (%) Evapotranspiration (%)
80.67 92.46

Fig. 1. Results of water balance analyses shown as percentage of cumulative precipitation at end of té€n) y&stine evapotranspirative
cover; and(b) prescriptive cover.

optimum moisture condition of the cover soid3%) defined by sive precipitation events. Eventually, the cumulative evapotrans-
Standard Proctor compaction tests. piration exceeds the cumulative infiltration and leads to a negative
Total precipitation, evapotranspiration, surface water runoff, cumulative moisture storage change during the summer.
percolation, and change in moisture storage were computed for The volumetric moisture regime within the ET cover can be
periods of 10 and 30 years. Typical water balance error in the analyzed by evaluating the moisture content profiles as a function
analyses did not exceed 0.1 mm/year. Cumulative values of theof time. Fig. 3a) shows the profiles of volumetric moisture con-
water balance components at the end of 10 years, expressed astant within the ET cover during the initial 10 years following

percentage of the total precipitation, are shown in Fig).IThe construction of the ET cover. The volumetric moisture content
estimated cumulative percolation at the end of year 10 was only towards the base of the ET cover decreases from an initially con-
0.37% of the cumulative precipitatiaid.39 mm/year. The rela- stant volumetric moisture of 23% to a final moisture content of

tively high placement moisture content led to comparatively high approximately 16%. Fig. ®) shows the profiles of volumetric
percolation during the first year. A percolation value not affected moisture content during the third ye@wettest yearof the simu-
significantly by the first year performance, used in the parametric lation. The figure illustrates that the seasonal moisture fluctua-
study, is the average percolation for the last three years of thetions take place within the upper portion of the baseline cover. A
10-year simulation(0.09% or 0.33 mm/year The estimated cu-  simple explanation for the comparatively low percolation ob-
mulative percolation at the end of year 30 is only 0.16% of the tained in the analysis is that, even though a wetting front ad-
cumulative precipitatiori0.57 mm/year. vances into the ET cover during the rainy season, percolation is
The different components of the water balance for the baselinenot triggered because the moisture content remained compara-
ET cover are shown in Fig.(2) on a yearly(rather than cumula- tively low towards the base of the cover. FigbBalso illustrates
tive) basis. As can be seen in the figure, the overland flow follows that moisture increases taking place below the rooting dtif
the trend of the precipitation records. For example, the compara-mm) during the rainy season can be reverted by upward flux
tively high precipitation during the third year leads to a compara- during the dry season. The area between the January 1 and Feb-
tively high overland flow for that year. Although not as closely as ruary 8 profiles corresponds to the maximum value of cumulative
overland flow, yearly evapotranspiration also follows precipita- moisture storage chandg87 mm shown in Fig. 2Zb).
tion trends. The yearly moisture storage change shows negative
values during the first yedr.e., the cover loses moistyrérhis is
due to the comparatively high initial volumetric moisture content Generic Equivalence Demonstration
used to simulate soil placement conditions. Moisture storage in
the ET cover appears to have reached an equilibrium condition aThe design criterion for the cover system at the OIl Superfund
few years after construction, as the yearly storage change fluctu-site required that the percolation through the proposed ET cover
ates around zero. Finally, annual percolation shows a clearly de-be less than through the prescriptive cover. The prescriptive cover
creasing trend with time. The initially higher percolatigrarticu- at the site was defined by a consent decree as the State of Cali-
larly for the first year is due to the comparatively high initial ~ fornia mandated prescriptive cover. The approach adopted for
moisture content used to simulate soil placement conditions. evaluating equivalence between the proposed ET cover and the
The water balance components were also evaluated on a dailyprescriptive cover was to compare percolations estimated numeri-
basis. Fig. o) shows the different components of the water bal- cally through both covers when exposed to identical climatic con-
ance (infiltration, evapotranspiration, moisture storage change, ditions. Comparison of numerically predicted percolations had
percolation for the wettest year of the 30-year simulation. The proven valuable in estimating equivalency of capillary barriers
wettest year corresponds to the third year of the simulation (Morris and Stormont 1997 The prescriptive cover consists of a
(yearly precipitation of 563 mim The difference between precipi-  horizontal, 1200-mme-thick system that includes a 300-mm-thick
tation and surface water runoff is shown in the figure as infiltra- protection layer, a 300-mm-thick clay layer having a saturated
tion. The figure illustrates the hydraulic performance of an ET hydraulic conductivity of 108 m/s, and a 600-mm-thick founda-
cover in arid regions during a comparatively wet season. Infiltra- tion layer. The protection layer and the foundation layer were
tion into the cover exceeds evapotranspiration during the rainy both assumed to have a saturated hydraulic conductivity of
season in southern Californfainter). Infiltrating water is stored 10~% m/s. Generic moisture retention properties for the clay layer
within the ET cover, but essentially no liquids exit the base of the were based on experimental results reported by Benson et al.
ET cover. The cumulative moisture storage curve decreases fol-(1994 for a typical barrier material used in a liner system. The
lowing the significant rains, showing smaller peaks due to succes-adopted Campbell’s parameters for the clay layer ware
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Fig. 2. Results of water balance analyses for baseline evapotranspirative @\s&rown on yearly basis; ar(l) shown on daily basiévettest
year of simulation

=-—1.88 andb=5.973, and the adopted initial volumetric mois- the equivalence demonstration, the percolation through the ET
ture content was 30%. Parameters needed for the prescriptivecover (P.) should be less than or equal to the percolation through
cover simulation that are not explicitly stated in the regulations the prescriptive coverK,). That is the percolation ratio (PR
were agreed upon for the purpose of the equivalence demonstra=P./P,) should be less than or equal to one. The PR values
tion at the OIll Superfund site. For example, it was concurred that estimated at the end of years 10 and 30 are 0.20 and 0.13, respec-
the protection layer of the prescriptive cover would have a lower tively. The PR was also estimated on a yearly basis in order to
saturated hydraulic conductivity than the baseline ET cover and assess whether the ET cover performs better than the prescriptive
that it would benefit from evaporation but not from plant transpi- cover for each year of the simulation. Fig. 4 shows the estimated
ration. On the other hand, even though the hydraulic conductivity yearly PR for the baseline ET cover, which shows ratios less than
of the prescriptive clay layer may severely increase with time in one for each year of the 30-year simulation. Although the clay
semiarid climates, the parties concurred that the equivalence demiayer in the prescriptive cover has a lower hydraulic conductivity
onstration would conservatively neglect potential desiccation than the silt in the baseline cover under saturated conditions, its
cracking in the prescriptive cover. moisture retention characteristics lead to a comparatively higher
The percolation estimated through the prescriptive cover was conductivity than the silt under unsaturated conditions. Also, the
larger than that estimated for the ET cover. The different compo- higher hydraulic conductivity of the topsoils in the prescriptive
nents of the water balance in the prescriptive cover at the end ofcover led to a comparatively lower overland flow and higher
year 10 are shown in Fig.(). The estimated cumulative perco- evapotranspiration than in the baseline cover. As mentioned, the
lation at the end of year 10 is 1.86% of the cumulative precipita- input parameters used in this generic cover demonstration were
tion (7.05 mm/year. The average percolation for the last three agreed upon by authorities early in the design process. Accord-
years of the 10-year simulation, which is not significantly affected ingly, different comparison outcomes may have resulted from dif-
by the first year performance, is 0.75%9 mm/yeay. To satisfy ferent selection of input parameters. Nonetheless, these generic
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results pointed to the ability of an ET cover to satisfy equivalence

requirements at the OIl Superfund site.

Parametric Evaluations
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Fig. 5. Parametric evaluation of rooting depth for baseline evapo-
transpirative cover system

The vegetation rooting depth used in the baseline analysis was
300 mm. Rooting depths ranging from(fo rootg to 1200 mm
were considered in the sensitivity evaluation. Fig. 5 shows the
response of the ET cover to varying rooting depths. Percolation
results are shown in the figure as a percentage of the total pre-
cipitation and were defined by averaging percolation values for
the last 3 years of a 10-year simulation. The 3-year average values
were considered representative of long-term percolation rates
through the baseline ET cover and are reported for the evaluations
discussed in this section. As expected, the estimated percolation
decreases with increasing rooting depth because of increasing op-
portunity for removal of moisture that may have infiltrated into
the cover soils. The figure shows that the response of the perco-
lation to increasing rooting depth is highly nonlinear, and that
rooting depths larger than approximately 300 mm would result in
no significant decrease in percolation. It should be emphasized
that these results are site-specific and should not be extrapolated
to climates and soil conditions different than those considered in
these analyses. Although a zero rooting depth leads to a compara-
tively higher percolation, the results suggest that percolation
would still be relatively small in case of unexpected absence of
vegetation. Based on these results, it may be concluded that there

An investigation was performed to evaluate the sensitivity of the s 5 rooting depth value beyond which percolation does not de-

different parameters governing the percolation through the base-egse significantly. This rooting depth value is approximately
line ET cover under site-specific weather conditions. Preliminary 300 mm for the baseline cover.

parametric results have been reported by Zornberg and Caldwell

Although the percolation criterion at the OIl Superfund site

(1998. The parametric analyses assess the effect of vegetationyas pased on site-specific equivalence analyses, percolation cri-

rooting depth, soil saturated hydraulic conductivity, soil cover terig at other hazardous waste sites have required not exceeding
thickness, annual precipitation, irrigation, and placement moisture 5, agreed percolation threshold valigeg., “Agreement” 1998

content of the cover soils.
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Fig. 4. Percolation ratio estimated for baseline evapotranspirative

cover system
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The comparative character of the design criterion at the Oll Su-
perfund site complicated drawing conclusions from sensitivity
analyses based only on the response of the ET cover. Conse-
quently, a percolation threshold value of 3 mm/year was also used
for preliminary evaluation of the range of parameters that could
lead to acceptable cover performance. A percolation rate of 3
mm/year corresponds approximately to the percolation through a
barrier layer with a hydraulic conductivity of 1&° m/s under a
unit hydraulic gradient. For weather conditions considered in the
analyses described herein, a percolation rate of 3 mm/year corre-
sponds to approximately 1% of the annual precipitation. The re-
sults shown in Fig. 5 indicate that a rooting depth of 300 mm
would not exceed the threshold percolation of 3 mm/y@ét of
annual precipitationassuming the cover layout considered in the
baseline case.

The saturated hydraulic conductivity used in the baseline
analysis was 10’ m/s. Saturated hydraulic conductivity values
ranging from 10° to 108 m/s were considered to evaluate the
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Fig. 6. Parametric evaluation of saturated hydraulic conductivity for (b) \
baseline evapotranspirative cover system 250 1 -8~ nitial Condition " #" : }
B Year1 :
&~ Year 2
Esoo -+ &= Year 3 .
o . =
sensitivity of this parameter. The same Campbell’s parameters g™ ~Yeard
used in the analysis of the baseline cover, which correspond to g :33:
silty materials, were used in this evaluation. Experimental results O1000 1~ S Vear 10
obtained for actual soils used for cover construction suggest that 1250
moisture retention properties do not vary significantly with soil
placement conditions. However, as discussed later, the effect of 1500
o 0.08 01 0.15 0.2 0.25 0.3 0.36

moisture retention properties was addressed in this study by con-
ducting soil-specific equivalence demonstrations. Fig. 6 presents
the estimated percolations, which show an expected decreasingrig. 8. Initial moisture conditionsta) parametric evaluation; ar()
percolation with decreasing saturated hydraulic conductivity. moisture content profiles for evapotranspirative cover placed at com-
Similar to the analyses performed to evaluate the effect of rooting paratively low initial moisture content
depth, the figure shows that the response of the percolation to
varying saturated hydraulic conductivity is highly nonlinear. The
results indicate no significant decrease of the estimated percolafure values. Based on these results, it may be concluded that there
tion for saturated hydraulic conductivity values less than iS @ cover thickness value beyond which percolation does not
10~ 7 m/s. In particular, a maximum saturated hydraulic conduc- decrease significantly. Fig. 7 indicates that a cover thickness of
tivity value of 107 m/s used for the baseline cover does not 1500 mm, used for the baseline cover, would not exceed the
exceed the threshold percolation of 3 mm/year. threshold percolation of 3 mm/year. In fact, the parametric evalu-
The cover thickness used in the baseline analysis was 1,500ation indicates that such threshold percolation would not be ex-
mm. ET cover thickness values ranging from 120 to 1,650 mm ceeded by a cover thickness of 300 mm in the arid climate of
were selected to evaluate the sensitivity of this parameter. Thesouthern California.
results presented in Fig. 7 show that the response of percolationto  The initial volumetric moisture content used in the baseline
varying cover thickness values is highly nonlinear. A sharp in- analysis was 23%. Initial volumetric moisture values ranging
crease in the estimated percolation can be observed for coveffom 10 to 30% were considered to evaluate the sensitivity of this
thickness values less than 300 mm and no significant decrease oparameter. Percolation results shown in the previous sensitivity
the estimated percolation is obtained for higher thickness values.evaluations were defined by averaging percolations for the last 3
Aslight increase in the estimated percolation is observed for thick years of a 10-year simulation. However, the results of the sensi-
covers, which is caused by drainage of the comparatively high tivity evaluation for initial moisture content are presented in three
initial moisture content of the cover. This slightly increasing trend different ways[Fig. 8@]: (1) average percolation for the 10-year
does not occur in simulations performed using low initial mois- Simulation;(2) average value for the last 3 years of the 10 year-
simulation; and(3) percolation obtained for year 10. The results
reported using2) and(3) above suggest that the long-term per-
formance of the cover is comparatively insensitive to the initial
3 moisture content. However, the results reported ugingabove
suggest that the short-term performance of the cover is highly
influenced by the initial moisture content. The average percola-
--------- \ tion results shown in the figure for the 10-year simulatj6h)
- abovg are significantly skewed by the performance of the cover
\ during its first year. Cover soils placed comparatively wet have a
\k (Baselis Cass) relat_ively higher initia_l hydraulic conductivity that facilitates mi-_
gration of excess moisture through the base of the cover, leading
e — NG to the increasing percolation trend with increasing initial moisture
300 800 900 1200 1500 1800 shown in casdl).
Evapotranspirative Cover Thickness (mm) The initial moisture content of the ET cover also affects the
overall pattern of the moisture content profiles. Figh)8&hows
the volumetric moisture content profiles for a case in which the
cover soil is placed at comparatively low initial volumetric mois-
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Fig. 7. Parametric evaluation of evapotranspirative cover thickness
for baseline evapotranspirative cover system
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Table 2. Reference Irrigation Rates (a) Moisture Storage Overland

Ch: % Flow (%
Month Irrigation (mm) ange ( )_0_76 45.::'( ) Percolation (%)
January 39.4 i
February 47.3
March 55.2
April 118.2
May 110.3
June 110.3 Evapotranspiration (%)
July 164.7 296.41
August 126.1
0

September 86.7 (b)
October 78.8 T o
November 47.3 =il iv“”
December 315 E el ok

~ -
Total 1016.0 £ 707 _o_z::; ~~~~~~

% - Year6

01000 {~ - Year7

¢ Year 8

ture (10%). Differently than in the baseline ET covfFig. 3a)], e T i M S . 2 S
where moisture profiles decreased with time from high initial
_moistur_e conten(2_3%),_ moisture profil_es in Fig. @) show an 15“0 68 i o048 63 55 0 -
increasing trend with time. However, it should be noted that the Volumetric Moisture Content (vol/vol)

increasing trend with time does not represent poor cover perfor-
mance. In fact, as shown in Fig(e8, the percolation estimated
after 10 years is negligible for an initial moisture of 10%. This is
because of the significant impact of initial moisture content dur-
ing the initial cover performance period. These analyses sugges
that there is a certain moisture content value towards the base of
the cover to which the soils tend in the long-tetapproximately
15% for the soils and weather conditions in this ana)ydikat is,

for sufficiently thick covers, soils placed initially wet will dry out,
while soils placed comparatively dry will wet up to a long-term
equilibrium moisture content. In summary, the sensitivity evalua-
tions indicate that long-term percolation rates are relatively insen-
sitive to the initial moisture content of the cover soils, but short-
term percolation rates are significantly affected by placement
moisture conditions. These results also emphasize that the overal
cover performance should not be directly inferred from trends in
moisture content profiles, at least during monitoring periods im- foll
mediately after cover construction.

Fig. 9. Effect of a 1000 mm/year irrigation scheme in addition to
natural precipitation:(a@) water balance; andb) moisture content
profiles.[Note: Percolation ir(a) is presented as a percentage of the
jhatural precipitation379 mm/year ]

erence irrigationlover 2,000 mm/year The results show an in-
crease in the estimated percolation with increasing irrigation rate
(Fig. 10. Even irrigation schemes significantly below the refer-
ence irrigation would lead to percolation exceeding a threshold
value of 3 mm/year. Although irrigation may be useful for initial
establishment of vegetation, these results suggest that permanent
irrigation schemes should be avoided at the Oll site. These con-
Elusions are site-specific and should not be extrapolated to other
ites.
Analyses performed using increased precipitation amounts that
ow the natural precipitation pattern show significantly smaller
. . impact than irrigation on the estimated percolation. Fig. 11 shows
The analyses of the baseline ET cover considered only naturalthe percolation obtained by proportionally varying the natural

precipitation_ as the liquid source. Th? effect of implementing a recipitation used in the baseline cover analygescolation in
permaner!t !rrlggtlon scheme at the site was also evaluated. Th he figure is still shown as a percentage of the original precipita-
seasonal irrigation rates for cool season grasses recommended he(

- . ; on). The precipitation factor, was varied from 0.1 to 3.0. The
the Metropolitan Water District .Of. Soythgrn Callforr(MW bsC results of these analyses show that, if the natural precipitation
1991 were used as reference irrigation in the analy$able 2.

As shown in Fig. a), the estimated cumulative percolation when
irrigation is considere22.97% of the cumulative natural precipi- ,o :
tation is significantly higher than that obtained in the baseline /
analysis that considered only natural precipitation. Since the natu-
ral yearly precipitation is used as a reference, the summation of
the different water balance components in the figure exceeds
100%. It should be emphasized that the interdependence of peri-
odic biological phenomenée.g., rooting depthin relation to
climatic/irrigation conditions was not explicitly accounted for in
these analyses. Fig(l9 shows the moisture content profiles ob- i :
tained in this case. While the baseline cover without irrigation /EM_“,// A
showed a decreasing moisture trdikiy. 3(a)], moisture content o i ;

in the irrigated ET cover increases beyond the comparatively high 0 500 1000 1500 2000
placement moisture content of 23%. The reference irrigation was Irrigation (mmJyr)

scaled using the same seasonal distribution in order to assess the. . . S

sensitivity of the total irrigation amount. In this way, the yearly Fig. 10' Parametric _evgluatlon of use of irigation schemes for
irrigation was varied from zer¢baseline coverto twice the ref- baseline evapotranspirative cover system

3

N

3

Percolation (%)
8

-
<o
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had to be defined for each borrow source for use in soil-
specific equivalence demonstrations, as discussed in the next
section.

e Cover thicknessBased on the evaluation of the performance
of the baseline cover system and on the sensitivity of the cover
thicknesgFig. 7), a 1,200-mm-thick engineered ET cover was
selected for the site. Although the analyses indicated that a
thinner ET layer was feasible, erosion and maintenance con-

e
»

s
»

Percolation (%)
s o
~ «w

N

01 S siderations governed the final selection of the minimum cover
00 : thickness. In addition, a 600-mm soil foundation layer was
00 05 10 15 20 25 30 adopted for construction underneath the engineered ET cover
Precipitation Factor, F layer.

e Placement moisture conterensitivity analyses indicated no
major influence of placement moisture content on long-term
percolationgFig. 8a)]. Nonetheless, placement moisture con-
tent was usually specified as the optimum moisture content
plus or minus 2% in order to achieve the target saturated hy-
draulic conductivity and control the desiccation potential of
cover soils.

Irrigation. The analyses suggested that ET cover systems in
arid and semiarid climates rely on periods of relative dryness

Fig. 11. Parametric evaluation of increased natural precipitation for
the baseline evapotranspirative cover systé@Nuote: Percolation is
shown as percentage of the original reference precipitation rather
than of the factored precipitation.

pattern is maintained, increasing values of total precipitation
would not affect the calculated percolation nearly as much as”®
irrigation schemes. This is because irrigation compensates low c X . .
natural precipitation during the dry season, leading to an approxi-  [© rémove moisture stored in the system during previous pre-
mately uniform impingement ratérrigation plus natural precipi- cipitation e\./e.nts.. Also, parametric evaluat|or]s showed that
tation) throughout the year. The results in Fig. 11 indicate that ~ Permanent irrigation schemes may lead to unintended results,
even a precipitation rate as high as three times the baseline pre- such as Increases n percolatidfig. 10,)' Consequently, no
cipitation magnitude would still result in percolations not exceed- ~ Permanentirrigation scheme was considered for the cover sys-
ing a threshold percolation of 3 mm/year. tem at the site. . . . .

The individual analysis of specific parameters may mask nega- Although thg focus of this paper is on hydraulic eva[uaﬂon, the
tive impacts due to potential interdependency of different param- d€sign of the final cover system at the Oll Superfund site was also
eters. Also, the reported results indicate average percolations forconstrqlned by, reqwrement; involving .s.hear Stre”gth’ resstgnce
typical weather conditions rather than for extreme weather events.!© €rosion, shrinkage potential, and ability to sustain vegetation.
Nonetheless, the parametric evaluations provided guidance forErosion calculations were performed to evaluate both sheet ero-
design at Ol and indicate that an ET cover design is feasible for Sion and gully erosion on the landfill slopes. These evaluations
a wide range of conditions. In particular, the sensitivity evalua- l?d tO_ the use of erosion control produpts, in adqmon to vege_ta—
tions indicate that a cover thickness significantly smaller than that fion: in steep landfill slopes. Agronomic properties of the soils

adopted in the baseline cover would satisfy stringent percolation (Salinity, pH, sulfate content, organic contentere also measured
criteria in the OIl site. in borrow soils in order to design the appropriate seed mix and

assess the potential need of soil enhancements to facilitate veg-
etation growth. Besides specifying the maximum saturated hy-
Selection of Evapotranspirative Cover at Oll dral_JIic conductivity of th_e cover soils a_nd requi_ri_ng _soil-specifi_c
Superfund Site equivalence demonstrations, construction specifications also lim-
ited the soil types to be usd€L, ML, SC, and SM, plasticity
The use of site-specific weather conditions for southern California index(between 8% and 30§6and fines conter{more than 35%
provided a basis for the design of an ET cover at the Oll Super- 1n€ range of moisture retention properties of the cover soils was
fund site. The rationale for selection of the cover design param- Not explicilly specified because of the difficulty in translating

eters at the site is as follows: moisture retention properties into construction specifications. In-
« Rooting depth The analyses indicated that rooting depths stead, as described in the following section, the suitability of each
larger than that selected for the baseline ¢86® mm would candidate borrow soil was evaluated by implementing a soil test-

not significantly enhance the performance of the ET cover sys- INg program and compiling soil-specific equivalence demonstra-
tem (Fig. 5. Consequently, native vegetation, which typically 1Ons.
exceeds 300 mm in rooting depth, was selected for the cover.

e Saturated hydraulic conductivityAlthough the saturated hy-
draulic conductivity is only one of the parameters governing Soil-Specific Equivalence Demonstration
the hydraulic performance of an unsaturated cover system, it is
probably the only hydraulic parameter feasible of being incor- Several design variables of the ET cover at the OIl Superfund site
porated into construction specifications. Based on the results(cover thickness, rooting depth, saturated hydraulic conductivity,
of parametric evaluationd-ig. 6), the ET cover was specified irrigation schemeswere defined based on the parametric analyses
to have a saturated hydraulic conductivity below 5 performed using generic cover soils and site-specific weather con-
X 10”7 m/s. This requirement was usually achieved for iden- ditions. However, parametric analyses proved impractical for
tified borrow soils by specifying a minimum density of 90% of identification of the range of suitable unsaturated soil properties
the maximum Standard Proctor density and placement mois-(i.e., ranges for Campbell’s parametetisat would meet the de-
ture ranging from optimum plus or minus 2%. In addition to sign criterion(i.e., PR lower than oneConsequently, evaluation
saturated hydraulic conductivity, moisture retention properties of the suitability of soil types to be used for cover construction
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Table 3. Top Deck Stockpile Soils

Dry unit weight, Gravimetric Volumetric Saturated hydraulic Campbell Campbell
Series va (KN/m3) moisture,w (%) moisture,8? (%) conductivity, K> (m/9) parametel parameteb
T1 13.9 23.6 33.6 281078 —4.89 7.028
T2 12.9 26.3 34.7 141077 —4.89 6.328
T3 12.3 25.7 32.1 3x10°7 —4.89 5.495
T4 13.1 22.3 29.9 38108 —-4.89 7.278
T5 13.0 27.1 36.2 1%10°7 —4.89 6.463
T6 11.5 27.3 32.0 191078 —4.46 6.678

Note: USCS classificationCL (ASTM D2487; LL=43%; PF18% (ASTM D4318; Maximum dry unit weight 14.8 kN/n? (ASTM D 698);
Fines content 66% (ASTM D 1140; Gs=2.79 (ASTM D 854); andw,=23.0% (ASTM D 698).

B=wW(yq/vw).

bASTM D 5084.

and of their compaction characteristics was achieved byiden- density and initial moisture conditions. While the saturated hy-
tifying the candidate borrow soil§2) determining the unsatur-  draulic conductivity was sensitive to soil placement conditions,
ated hydraulic properties of these soils; a®l performing an these results suggest that moisture retention properties were not
equivalence demonstration using the measured properties of thesignificantly affected by initial density and moisture content con-
candidate soils. This approach led to analyses conducted using notlitions, at least for the soils tested under this experimental pro-
only site-specific weather conditions, but also soil-specific hy- gram. The moisture retention experimental results were used to
draulic properties. define the Campbell's parameters listed in Table 3. Figa)12
The laboratory testing program implemented to characterize shows the Campbell function obtained for specimen T1, prepared
the candidate borrow soils was performed using soil specimensat a density of approximately 95% of maximum Standard Proctor
remolded under different compaction and moisture conditions. value and optimum moisture content.
The overall experimental program included determination of hy- Unsaturated hydraulic conductivity versus suction relation-
draulic, shear strength, desiccation potential, and agronomic prop-ships, needed for the unsaturated flow modeling analyses, were
erties. In order to illustrate the soil-specific equivalence demon- usually established indirectly in this investigation using the
stration, hydraulic test results are presented herein for one of theCampbell (1974 parameters obtained from experimental mois-

candidate borrow soils, namely the Top Deck Stockgil®S) ture retention data. However, direct measurements of unsaturated

soils. hydraulic conductivity were also performed in order to validate
Saturated hydraulic conductivity testdlexible wall per- the indirect estimates. Direct measurement of unsaturated hydrau-

meameter tests, ASTM D 508#ere conducted using soil speci- lic conductivity was conducted using steady-state centrifugation

mens remolded to various levels of relative compaction and mois-
ture content. Although the analyses focused on unsaturated
hydraulic performance, the saturated hydraulic conductivity is a (@) e
valuable indicator of the hydraulic performance of candidate qae \
soils, as it defines the saturated end of the unsaturated hydraulic & e
conductivity function. Table 3 shows the results of saturated hy-
L ¢
ow \GIA

g

g
(4
2
”

draulic conductivity tests on TDS soils, which were performed
using specimens remolded to various placement condifibh$o
T6). Tests were conducted under a confining pressure of 35 kPa,
which was considered representative of cover conditions. The
TDS soils were eventually used for cover construction over steep
(1.5H:1V) landfill slopes located at the south portion of the land- o1
fill. o 1 20 N % 50 6 70
Moisture retention propertigsolumetric moisture versus ma- Volumetric Moisture Content (%)
tric suction curves were obtained for soils remolded to likely (b) . 1eo7
ranges of fill placement conditions. Soil placement conditions
evaluated as part of the testing program corresponded to relative
compaction values ranging from 80 to 95% of maximum density
(relative to Standard Proctor ASTM D 6P&nd moisture content
values ranging from optimum minus 2% to optimum plus 2%.
Moisture retention curves were developed using hanging columns
(Klute 1986 for comparatively low values of suction, pressure
plate extractordASTM D 2325-68 for medium values of suc-
tion, and thermocouple psychrometer te$tkite 1986 for com- 1E43 ;
paratively high values of suction. Only desorption curves were 8 “ “* s 58
measured. Fig. X3) shows the test results obtained for the TDS Volumetric Moisture Content (%)
soils using specimens compacted under placement conditions in-_

dicated in Table 3. As observed in the figure, similar volumetric E'g' 1t2). ”TOp de(.:k SLOCkp"? SO'IS(a.) char_.?ch;egstéc curvesnoted
moisture content versus matric suction curves were obtained ~3MPRE!l CUTVe IS shown for specimen )Thnd (b) unsaturate

using soil specimens remolded under a wide range of molding hydraulic conductivity obtained using direct centrifuge measurements

Matric Suction (kPa)
3
“onr
23
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%

1.E09 1 fuiadi |
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10 Summary and Conclusions

hnd
3

| S ........................................................................................ An investigation was undertaken using unsaturated flow modeling
: to identify and quantify the parameters governing the perfor-
mance of ET cover systems in arid and semiarid locations. The
analyses documented herein provide the basis for the design of an
ET cover system for the OIl Superfund Landfill. Design criteria
involving demonstration that the proposed cover outperforms a
regulatory-prescribed cover poses difficulties and potential ambi-
, guities in the design of alternative cover systems. The approach
0o 5 followed in this investigation to overcome such difficulties in-
° 2 4 6 8 10 cluded the sensitivity evaluation of a generic cover using site-
Time (years) specific weather conditions, the subsequent determination of hy-
Fig. 13. Percolation ratio estimated for evapotranspirative cover draulic properties of candidate borrow soils, and the final
constructed using top deck stockpile soils equivalence demonstration using site-specific weather conditions
and soil-specific hydraulic properties.
) ) ) ) Unsaturated flow analyses were initially performed for a base-
methods(ASTM D 6527-00. This test is conducted by inducing  jine cover considering weather conditions typical of southern
specific hydraulic gradientéusing centrifuge acceleratiprand  caifornia. The analyses also showed that the response of perco-
fluxes (using a constant flow rate pummnd measuring the soil  |ation to varying rooting depth, cover thickness, and saturated
volumetric moisture content after reaching a steady state condi-pyqraulic conductivity is highly nonlinear. This nonlinearity fa-
tion. Fig. 12b) shows direct measurements of unsaturated hy- gjjitates the design process because specific values of minimum
draulic conductlwty obtained .usmg.TDS soil specimens prepared rooting depth, minimum cover thickness, and maximum saturated
at 90% of the maximum densityelative to Standard Proctoand  pyqgraulic conductivity could be defined such that percolation
optimum moisture content. The unsaturated hydraulic conductiv- \youid not decrease significantly for parameters beyond those spe-
ity defined using Campbell's parameters obtained from moisture gjfic values.
retention data is somewhat higher than the experimental results. ¢ sensitivity analyses showed that the cover thickness has
The use of Campbell's parameters to indirectly define the unsat-major impact on percolation and that permanent irrigation pro-
urated hydraulic conductivity was deemed conservative, as it grams to sustain vegetation was not suitable for this site. On the
would lead to overpredicted percolations in unsaturated flow gther hand, the vegetation rooting depth and the total amount of
analyses. Consequently, although moisture retention propertiesyatural precipitation that follows seasonal patterns showed com-
were measured for all borrow soils considered for Cover construc- paratively smaller impact on the cover performance. Finally, sen-
tion, direct measurement of unsaturated hydraulic conductivity gitivity evaluations also indicated that placement moisture content
was not required for all soils. . . of the cover soils may considerably impact short-term percolation
Following identification of the candidate borrow soil sources rates, but it does not significantly impact the long-term hydraulic
and determination of their hydraulic properties, soil-specific performance of the cover.
equivalence demonstrations of the proposed ET cover were per-  The ET cover system designed for the OIl landfill constitutes
formed. Soil-specific parameters used in the unsaturated flowihe first ET cover approved by the USEPA for construction at a
analyses include moisture retention data, saturated hydraulic congyperfund site. The unsaturated flow analyses showed that an ET
ductivity, and specific gravity. In addition, soil-specific informa-  coyer design at the site is feasible for a wide range of conditions.
tion from compaction tests was used in the analyses to define they, particular, a 1,200-mm-thick ET cover designed with a mini-
initial conditions(initial density and moisture contensf the en- mum rooting depth of 300 mm in the arid climate of southern
gineered ET cover. Fig. 13 shows the results, in terms of PR, of c4jifornia would satisfy stringent design criteria.
the equivalence demonstration performed for an ET cover system 5 laboratory testing program was implemented to evaluate the
constructed using TDS soils placed under compaction conditionsgyitapility of candidate borrow soils, which included determina-
defined by series T(Table 3. The PR is below 0.1 for each year jon of saturated hydraulic conductivity, moisture retention prop-
of the soil-specific, 10-year simulation. Consequently, the engi- grties, and unsaturated hydraulic conductivity for a wide range of
neered ET cover constructed using the TDS soils, and placedsyj| placement conditionsinitial density and moisture condi-
under conditions defined by the T1 series, satisfied compliancetiong). The experimental results suggested that, while soil place-
with the prescriptive cover according to the required demonstra- ment conditions affect the saturated hydraulic conductivity of the
tion. _ candidate soils, moisture retention properties were not signifi-
Additional analyses were performed using the range of hy- canily affected by placement conditions. Equivalence demonstra-
draulic properties and placement conditions indicated in Table 3 jons” performed using site-specific weather conditions and soil-
in prder to define the compaction specifications for constructi(_)_n specific hydraulic properties showed compliance of the proposed
using TDS soils. These analyses, as well as analyses of stability,jternative cover with the prescriptive cover system. Overall, the
and desiccation cracking susceptibiliyot discussed herejinled design approach proposed in this investigation addressed needs
to construction specifications requiring a minimum relative com- o ynderstanding the expected performance of alternative cover

paction of 90% and placement moisture defined by the optimum systems, satisfying regulatory compliance, and compiling con-
plus or minus 2%relative to Standard Proctois for the case of  gtryction specifications.

the TDS soils, laboratory testing programs were performed to
evaluate the hydraulic characteristics of the other candidate bor-
row soils, and equivalence demonstrations were compiled to
evaluate their suitability for the ET cover at the OIl Superfund The writers are indebted to New Cure, Inc., Foster Wheeler En-
site. vironmental Corporation, GeoSyntec Consultants, and Advanced
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