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ABSTRACT

A computer based prototype decision support system (PDSS) is being developed to assist the risk
manager in sclccting an appropriate trench cap design for shallow land waste disposal sites. The sclection of
the "best” design among feasible alternatives requires consideration of multiple and often conflicting objec-
tives. The methodology used in the selection process consists of selecting and parameterizing decision
variables or criteria, selccting feasible trench cap design alternatives, ordering the decision variables and
ranking the design alternatives. Decision variables can be parameterized using data, expert opinion, or
simulation modcls. The simulation models incorporated in the PDSS are the HELP (Hydrologic Evaluation
of Landfill Performance) model which is uscd to simulate the trench cap water balance and the CREAMS
(Chemicals, Runoff, and Erosion from Agricultural Management Systems) crosion component which is used
to simulate trench cap crosion. The decision model is based on multi-objective decision theory and uses a
unique approach to order the decision variables and rank the design alternatives. The decision variables,
which are of different magnitudes and dimensions, arc normalized to a common 0-1 scale through the use of
scoring functions. The scoring functions are parameterized based on a conventional design or existing
conditions at the disposal site. Each decision variable for cach alternative is compared to the conventional
design or cxisting condition using the scoring functions. The decision variables arc ordered and a simple lincar
program is uscd to compute the best and worst aggregate scores of each alternative for all possible weights
of the decision variables. This approach significantly reduces user subjectivity and bias inherent in most
dccision making mcthodologics. The application of the PDSS is illustrated using data from the Hill Air Force
Base landfill cover dcmonstration to evaluate four alternative landfill cover designs; a plain soil cover, a

modified EPA RCRA cover, and two versions of a Los Alamos design that contain crosion control measures,-

an improved vegetation cover to enhance evapotranspiration, and a capillary barrier to divert the downward

flow of water.

INTRODUCTION

The primary purposc of the U.S. Department of Energy
(DOE) Environmental Restoration Program is to manage the
health and ecological risks associated with intentional and
accidental releases of radioactive and hazardous contami-
nants to the environment. DOE sites from past and ongoing
operations are being cvaluated for possible clean up action.
At sites where health and ccological risks are considered to
be low based on preliminary bascline risk assessment studies,
regulatory requirements for final closure of old landfills can
often be met using a well designed trench cap to isolate the
buried waste.

The selection of an optimum cap design requires consid-
eration of multiple and often conflicting objectives, as well as
both quantitative and qualitative input. The primary functions
of atrench cap (see Fig. 1) arc to isolate the buried waste from
the surface environment and to control the hydrologic pro-
cesses that can lead to off-site transport of contaminants. One
of the objectives of the cap is to enhance runoff and therefore
decrease the potential for infiltration into the waste. A con-
flicting objective is to minimize soil surface erosion, a process
which is caused by surface runoff.

The ability to evaluate the environmental and economic
effects of a particular trench cap design often requires the use
of sophisticated models which simulate the availability and
movement of water and potcntial for contaminant transport
and the long-term viability of the cap, as well as the immediate

and long term cconomic costs. To use these models as man-
agement rather than research tools, a framework around the
simulation model is nceded to aid the risk manager in evalu-
ating alternatives and supporting decisions. In addition, out-
put of the simulation models should be structured to help the
decision maker/risk manager decide on the proper course of
action.

To do this, a prototype decision support system (PDSS)
to evaluate alternative trench cap designs for shallow landfill
waste disposal sites is being developed. The objectives of
developing the prototype are to: 1) design and build a com-
puter based decision support system, incorporating multi-ob-
jective decision theory, to cvaluate the hydrologic
performance of various capping alternatives within the con-
text of applicable regulations and cost; 2) compare the PDSS
predictions of cap performance against actual field data from
an ongoing study on the hydrologic performance of four cap-
ping alternatives; 3) use the PDSS to evaluate candidate cap-
ping design alternatives for the DOE Mixed Waste Landfiil
Integrated Demonstration in Albuquerque, New Mexico; and
4) provide a framework for an operational decision support
system. The major components of the PDSS are a simulation
model, a decision model, default data bases, input file gener-
ators, output interpreters, and a system driver. The intended
usc of the PDSS is to aid the risk manager (user) in setting the
parameters needed by the simulation model for several differ-
ent capping altcrnatives and to use the output of the

° Soil Scicntist. SWRC-USDA-ARS, 2000 E. Allen Rd., Tucson AZ. 85719., Staff Scientist, Environmental Science Group, LANL, Los Alamos, NM.
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Fig. 1. Trench cap design.

simulation model in the decision model to choose the most
appropriate trench cap design for a given situation.

SIMULATION MODEL

In the absence of actual ficld observations and data, a
computer simulation model is used to predict the values for
the decision criteria for a given site. The simulation models
incorporated in the PDSS are the HELP (Hydrologic Evalu-
ation of Landfill Performance (Schroeder et al., 1988)) model,
which is used to simulate the trench cap water balance, and
the CREAMS (Chemicals, Runoff, and Erosion from Agri-
cultural Management Systems (Knisel, 1980)) model, which is
used to simulate erosion of the cap.

HELP was developed by the U.S. Army Corps of Engi-
neers Waterways Experiment Station (WES) for the US.
Environmental Protection Agency (EPA) Hazardous Waste
Engineering Research Laboratory. It is a quasi-two dimen-
sional model that uscs climatologic, soil and design data and
calculates the infiltration, surface runoff, percolation, cvapo-
transpiration, soil moisture storage, and lateral drainage in a
shallow landfill system with up 1o twelve different layers. The
model simulates water flow within three different soil layer
types: vertical percolation, lateral drainage, and barricr soil

layers with or without a geomembranc. Both default (15
USDA soil classes) or user specified soil characteristics can
be used in designing the landfill system and include the fol-
lowing soil properties: porosity, field capacity, wilting point,
saturated hydraulic conductivity and initial soil water conteat.
The program accepts both manual and default climate data
and includes WGEN, the synthetic weather generator devel-
oped by USDA -ARS (Richardson and Wright, 1984), which
produces daily precipitation, temperaturc, and solar radiation
values. These last two values are used in HELP to determine
snow melt and evapotranspiration. HELP also includes the
vegetative growth model from SWRRB (Arnold et al., 1986)
to calculate daily leaf area indices. The surface runoff is
estimated using a modified SCS curve number method.

The CREAMS overland erosion component has been
added tothe HELP model to simulate trench cap erosion. The
erosion component of CREAMS can be used to predict sed-
iment yield and particle composition of the sediment on a
storm by storm basis for a given landfill design. The erosion
component requires the input of hydrologic parameters for
cach runoff cvent simulated by the HELP modec! and an
crosion parameter file. The principle output from the over-
land flow component are sediment load and the concentration
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of cach particle type for each storm. The modcl also calculates
the soil loss per unit area as well as the particle and organic
matter distribution and the index of the specific surface.

DECISION MODEL

The decision model uscs value or scoring functions as a
means of scaling the decision criteria which have different
units and magnitudes to a common scale between 0 and 1. The
conventional and viable alternatives are scored on the same
sct of decision criteria (i.e., percolation of leachate, runoff,
evapotranspiration, sediment loss, cost). The individual crite-
rion scores are then aggregated for cach alternative with a
minimum amount of interaction with the decision maker. In
particular, while an additive valuc function is assumed, the
alternatives are not ranked on a single vector of weights
associated with the criteria. The method considers all possible
weight vectors consistent with an importance order of the
decision criteria discerned by the decision model from the
simulation results and scoring functions. The trench cap de-
sign with the highest aggregated score, for a given importance
order of the criteria, is considered to be the "best” design
among the conventional and feasible alternatives.

The decision model, based on multi-objective decision
theory, combines the dimensionless scoring functions of
Wymorc (1988) with the decision tools presented in Yakowitz
ct al. (1992, 1993). The scoring {unctions convert predicted or
obscrved data to values on a 0 to 1 unitless scale and can be
altered interactively by the user for cach decision criterion.
The scoring functions from Wymore (1988) were previously
used to evaluate shallow land burial systems (Lane et al., 1991;
Ascough 1992). Four generic shapes of scoring functions are

shown in Fig. 2. These functions can be modified for each
criterion by implicitly setting threshold values or allowing the
model 10 set these values by default based upon the data or
simulation results. The scoring functions are sct up so that the
conventional design scores 0.5 as a baseline for each decision
variable. All of the other alternative designs are scored rela-
tive to the conventional design for cach critcrion. A design
which performs better than the conventional design with re-
gard to a specific criterion will score >0.5 for that critcrion
and one that performs worse will scorc <0.5. A default im-
portance order for the decision criteria is established based
on the normalized slopes of the scoring functions. Once all of
the alternatives have been scored, a score matrix is available
to complete the analysis. Best and worst composite scores
assuming an additive value function are determined by the
solutions of two simple linear programs for cach alternative
and thesc two composite scorcs are aggregated to determine
the preference ranking of the alternatives.

Algorithm for Ranking Alternatives

Based on the established importance order of the deci-
sion criteria, best and worst composite scores for each of the
alternatives are determined by the PDSS by solving the linear
programs presented below (Yakowitz et al., 1992). The solu-
tions to these lincar programs are the most optimistic and
most pessimistic composite scores (weighted averages) con-
sistent with the importance order.

Suppose there arc m criteria which are ordered in import-
ance as determined above. Let Sc (i,j) be the score of the
alternativej cvaluated with respect to criterion! in the import-
ance order. If w(i) indicates the unknown weight factor
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asociated with criterion i, the highest or best additive compos-
ite score for alternative j consistent with the importance order
is found by solving the following lincar program for the
weights w(i), i = I,....m (note s.t. indicates "subject to" in the
formulations).

Best Composite Score: (1)

m
maximize Y, w(i)Sc (i, j)

i=1
m
5L w(i)=1
i=1

w(l)z w(2)z...2w(m)=0

The lowest or worst additive composite score for alternative j
consistent with the importance order is found by minimizing
rather than maximizing the above function.

Worst Compositc Score: (2)

m
minimize Y. w(i) Sc (i, j)

i=1
m
st Y w(i)=1
1=1

w(l)2w(2)z...2w(m)=0

In both cases the first constraint normalizes the sum of the
weights to 1, the second requires that the solution be consis-
tent with the importance order and restricts the weights to
positive values. Thus, the decision maker is not asked to
determine an exact weight factor for each criteria. The solu-
tion to the two programs given above yields the full range of
possible composite scores given the importance order. Any
weight vector that is consistent with the importance order will
produce a composite score that falls between the best and the
worst composite scores. The designs are then ranked in de-
scending order by the average of the best and worst composite
scores. Yakowitz, et al. (1993) provide the theoretical justifi-
cation for this method of ranking the alternatives. Details of
this methodology are presented in the next section using
observed data from the Hill Air Force Base Cover Demon-
stration as an cxample.

EXAMPLE: Hill Air Force Base Cover Demonstration

Four shallow landfill cover design test plots were installed
at Hill Air Force Base in Layton, Utah and their performance
monitored for a four year period (Hakonson et al., 1993).
Therc are three basic cover designs: a coatrol soil cover; a
modified EPA RCRA cover; and two versions of a Los Ala-
mos Design that contain crosion control measures, an im-
proved vegetation cover to enhance evapotranspiration, and
a capillary barrier to divert downward flow of water. The
control soil cap consists of 90 cih of soil over 30 cm of a gravel
drainage layer. The EPA RCRA design consists of 120 cm of
soil, 30 cm of sand (lateral drainage layer), 60 cm of com-
pacted clay (hydraulic barricr), and 30 cm of a gravel drainage
layer. The Los Alamos designs consist of a thin gravel mulch
over 150 cm of soil, 30 cm. of gravel (capillary break), and 30
cm of a gravel drainage layer. One of the Los Alamos designs
was secded with native perennial grasses and the other (Los
Alamos 2) with both native perennial grasscs and two specics
of shrubs to enhance evapotranspiration. The surface and all

of the underlying layers of the covers were built with a four
percent slope.

The plots were instrumented to measurc the performance
of the covers with respect to controlling the hydrology and
crosion of the trench cap. Precipitation, surface runoff and
sediment yield, lateral flow, and percolation out of the gravel
drainage layer were measured on a daily basis. Soil moisture
was monitored approximately bi-weekly using a neutron
probe moisturc meter. Evapotranspiration was estimated by
solving the water balance cquation over an approximate two
week time step:

TABLE 1
Observed Results: Average Annual Value for
Each Dccision Criterion

Design Criteria Trench Cap Designs
EPA Los Los
Soil cap | RCRA |Alamos 1lAlamos 2|

Runoff (cm) * 140 | 1205 | 518 3.50
Sed. Yicld (Kg/ha) | 118.7 76.7 45 48
ET (cm) 27.37 28.80 2425 3399
Percolation (cm)* 14.74 0.13 6.82 728
Cost (SM/ha)** 0.12 4.9 2.5 2.5

¥includes lateral flow where applicable.

* percolation out of trench cap and into waste storage
layer,

** Thomas Hakonson, personal communication.

ET =P-L-1-R-dS (3)

where dS = change in soil moisture (L), P = precipitation
(L), ET = evapotranspiration (L), L = percolation (L),I =
barrier lateral flow (L), and R = runoff (L).

The decision criteria considered for evaluating these de-
signs are: runoff (including lateral flow), evapotranspiration,
percolation (leachate production), sediment yield, and cost.
Runoff, evapotranspiration and percolation are important
criteria for evaluating the ability of a cover design to control
the hydrology of a trench cap. The main objective is to mini-
mize the production of leachate. This may be accomplished in
three ways: by maximizing runoff, evapotranspiration, or lat-
eral flow. Sediment yield is an important criterion for evalu-
ating a the long term integrity of the cover. Cost will always be
an important criterion in selecting options for remediating
contaminated sites. The economic objective is to reduce costs
to a minimum while satisfying technical and regulatory con-
straints. The average annual values from four years (1990-
1993) of monitoring the plots are presented in Table L.

Scoring functions arc sclected and set up for each of the
decision criteria using the conventional design threshold and
baseline values. The EPA RCRA cap is selected as the “con-
ventional” design because it is in widespread use and is con-
sidered to be the state-of-the-art by regulators and practicing
engineers. For sediment yield a "more is worse" scoring func-
tion (sce Fig. 2) was selected. The generic scoring function
included a lower threshold of the sediment yield produced by
the conventional design for the three year period (Fig. 3). The
average annual sediment vicld (or the conventional cover by
definition scores 0.5. The slope of the scoring function at the
baselinc value is a function of the threshold values determined
by the maximum and minimum annual values of the
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Fig. 3. Scoring function for the conventional.

conventional design The score for cach of the alternative
designs is then determined by cvaluating the average annual
value from the alternative designs for each of the decision
criteria. Figure 4 illustrates the scores for each of the alterna-
tive designs with respect to sediment yicld. The alternative
designs, Al, A2, and A3, rcpresent the Soil cap, and Los
Alamos designs 1 and 2 respectively. The™more is worse”
scoring function was also uscd for cost and percolation. How-
ever, for ET and runoff the "morc is better” scoring funtion
was selected. The resulting score matrix for the EPA RCRA
and three alternative designs is presented in Table IL The
EPA RCRA design, as the "conventional® has a score of 0.5
for each of the decision criteria cvaluated. Due to the very low
annual average percolation from the EPA RCRA cap during
the four years of monitoring (Table I), the Los Alamos and
Soil cap designs all score 0 for this criterion even though there
is a significant difference in the percolation from the Los
Alamos Caps and the Soil cap. It is also important to note that
no one alternative scores better in all of the decision criteria
than another alternative design.

The next step is to rank the decision criteria in order of
importance. The decision model determines a default import-
ance order using the absolute values of the slopes of the
scoring functions of cach decision criteria at the baseline
values which have been normalized to remove the units. The
PDSS will also allow the decision maker to specify the import-
ance or priority order. An importance order may be estab-
lished due to environmental policy or regulations. However,
in the absence of a preferred importance order, the import-
ance order is determincd by default in the decision module of
the PDSS. :

The result of solving the two lincar programsto detcrmine
the best and worst composite scores for each of the alterna-
tives is presented in Fig. 5. These composite scores are based
on the default importance order determined by the PDSS (see
Table I11). The best and the worst composite scores for the
EPA RCRA design, represented by C, are both 0.5 since this
design scores 0.5 for cach criterion. The bar graph for each of
the alternative designs represents the range of best and worst
composite scores considering all possible weight vectors. A
large spread in the range of possible composite scores indi-
cates that it is highly scnsitive to a particular weight vector.
The best possible score for alternative 1, the Soil cap, is 0.999
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Fig. 4. Alternative design scores.

TABLE II
Score Matrix for Hill Air Force Base Data
Design Criteria Trench Cap Designs
EPA Los * Los
Soilcap | RCRA | Alamos 1 | Alamos 2

Runoff 0.008 05 0.080 0.038
Sed Yield 0.099 05 0.997 0.997
ET 0.450 05 0.345 0.675
Percolation 0.000 0.5 0.000 0.000
Cost 0.999 05 0.882 0.882

:when cost is ranked first in the importance order due to its
very low construction cost. However, because it does not score
very well in the other decision criteria it can score relatively
low depending upon the weight vector.

All three of the alternatives have average scores which are
better than the conventional, EPA RCRA cap, design. The
composite scores for Los Alamos designs 1and 2 are the same
for this importance order, and show less sensitivity to a par-
ticular weight vector than the Soil cap. For this importance
order, ranking the designs in descending order by the average
of the best and worst composite scores yiclds: Los-Alamos 1
and 2, the Soil Cap, and EPA RCRA. It is important to note
that the cost decision criterion only represents construction
cost, and not long term monitoring, maintenance, or potential
remediation costs. Though the Soil cap costs much less to
construct than the alternative designs, it has a much higher
percolation rate and thercfore the potential for clean up costs
is much greater. These factors should be taken into account
when evaluating particular design with cost as one of the
decision criteria.

The risk manager/user is able to change the importance
order of the decision variables in an interactive format and
then compare the composite results of the alternatives for
differcnt importance orders side by side. The risk manager
may consider minimizing crosion of the trench cap or perco-
lation into the waste layer more important than minimizing
cost for a given situation, and therefore give them a higher
importance level. Changing the importancc order of the deci-
sion variables so sediment yicld is the most important (Table
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Fig. 5. Bar graph illustrating range of composite scores from best to worst for each alternative.

I11), improves the average scores of the Los Alamos designs
whilc decreasing both the average score of the Soil cap and
the sensitivity of the composite score to a particular weight
vector. This importance order produces a slightly different
order in the ranking of the alternatives with the EPA RCRA
cap scoring higher than the Soil cap (Fig. 6). The Los Alamos
designs score much higher than the Soil cap and EPARCRA
designs for minimizing sediment yield (Table I). However, all
of the designs have average annual scdiment yiclds well below
the federal regulation of 4400 Kg/ha/year (sce Tdble I), indi-
cating that this may not be the most appropriate importance
order to select for this specific site cvaluation.

Changing the decision variable order a third time (User
Order 2, Table II) produces a third ranking of the alterna-
tives (Fig. 7). In this case, the composite score of thc EPA
RCRA cap is better than the average scores of the alterna-
tives. Federal regulations for landfill capping require a cover
design which will 1) minimize the migration (i.e. percolation)
of liquids into the waste and 2) promote runoff while minimiz-
ing erosion. Therefore, this is probably the most appropriate
importance order for the risk manager to select and thus the
most likely ranking of the alternative designs for this set of
data.
~ Ineach of the three rankings, there is not one alternative
which clearly dominates the others (worst score greater than
the best score of all the other alternatives). In this case, the
decision maker may want to base the ranking of the alterna-
tives on a specific weight vector consistent with a priority
order.

DISCUSSION & CONCLUSION

The Hill Air Force Base example demonstrates the po-
tential of the PDSS for evaluating shallow land waste disposal
trench cap designs. The PDSS is designed to aid the risk
manager assess the multiple and often conflicting objectives
associated with shallow landfill trench cap designs. Changing
the importance order of the decision variables had a signifi-
cant affect on the composite scores of the alternative designs
and thus their relative ranking. This example illustrates the
specific benefits and drawbacks of cach of the alternative
designs considered. It is important to note that these results
are based on only four ycars of data collected from a specific
climate. Once the simulation models are implemented in the
PDSS and able to simulate 20 years of data, the risk manager
may obtain different results.

The simulation models are currently undergoing revisions
before being integrated into the PDSS. The HELP model is
being modified to simulate capillary barrier designs and both
the HELP and CREAMS models will be calibrated and tested
using data from Hill Air Force Base and Los Alamos National
Laboratory demonstration plots. Uncertainty and sensitivity
analyses of the simulation and decision models will also be
conducted and the results incorporated into the PDSS.

The PDSS is being developed for the evaluation of trench
cap designs. In order to evaluate a complete landfill site
design, the risk manager would have to consider multiple
external factors including a complete risk analysis. The most
appropriate or "best” alternative trench cap design also de-
pends upon the specific needs and characteristics of the sitc

TABLE III
Decision Criteria Importance Orders

Importance Qrders
Default User Order 1 User Order 2
Cost Sedimeat yield Percolation
Percolation Pcrcolation Sediment vield
Sediment yield Cost Cost
Runoff & lateral flow Runoff & latcral flow Runoff & lateral flow
Evapotranspiration Evapotranspiration Evapotranspiration




DISPOSAL TRENCH CAP DESIGNS Paige 1117

Fig. 6. Composite scores of the alternatives with sediment
yicld as most important.

in question, the type of waste and how it is stored, and the
potential long term risks and costs. The ultimate decision
would have to be made by the risk manager taking many of
these factors as well as local and federal regulations into
consideration. The goal of the PDSS is to improve the quality
of the technical information used by the risk manager to select
capping designs that are cost effective and meet regulatory
performance standards. The risk manager will be able to
evaluate potential capping technologics with the PDSS in
order to identify technical and regulatory problems inherent
in the designs and evaluate long term projected performance.
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