EVALUATION OF APPROACHES TO SIMULATE
ENGINEERED COVER PERFORMANCE
AND DEGRADATION

Prepared for

U.S. Nuclear Regulatory Commission
Contract NRC-02-07-006

Prepared by

Gary R. Walter
Philippe Dubreuilh

Center for Nuclear Waste Regulatory Analyses
San Antonio, Texas

October 2007



ABSTRACT

The U.S. Department of Energy (DOE) has proposed in-situ disposal of residual radioactive
materials contained in liquid storage tanks formerly used in the processing of radioactive
materials at the Savannah River site and the Idaho National Laboratory pursuant

to Section 3116 of the Ronald W. Reagan National Defense Authorization Act for Fiscal

Year 2005. An important component of the disposal plan at these sites is the creation of
engineered barriers to limit human and animal contact with the waste and to limit percolation
of meteoric water into the waste. An engineered soil cover would be one of these
engineered barriers. This report reviewed computer codes that may be suitable for evaluating
the performance of soil covers for land disposal of radioactive waste at Ronald W. Reagan
National Defense Authorization Act for Fiscal Year 2005 sites and at other DOE sites such as
Hanford, Washington, and West Valley, New York.

Twenty-one codes were reviewed for this report. These codes consisted of (i) hydrologic codes
for evaluating percolation through the cover, (ii) generalized and localized erosion codes for
evaluating long-term stability of the cover, and (iii) miscellaneous codes for evaluating
degradation of covers (e.g., changes in soil properties, in vegetation or in manufactured
materials, biointrusion).

Seven hydrologic codes were reviewed in terms of their various capabilities to simulate
processes important to estimating percolation through soil covers. These codes were classified
as “water balance codes” and “unsaturated flow codes.” Water balance codes calculate
percolation through the cover based on the difference between water infiltrating into the cover
and the water lost by evapotranspiration and lateral diversion without formally solving the
equations that describe the flow of water under partially saturated conditions. Unsaturated flow
codes are codes that formally solve the equations describing water flow in porous media under
partially saturated conditions. Based on various code validation studies reported in the
technical literature, the unsaturated flow codes have the potential to yield the most reliable
estimates of percolation through soil covers. Of the unsaturated flow codes reviewed,
VADOSE/W has the most comprehensive capabilities for simulating hydrologic cover
performance, but the mathematical basis for VADOSE/W is not as well documented as some of
the other codes.

The types of erosion codes reviewed for this report consisted of (i) generalized erosion codes,
(ii) localized erosion codes, and (iii) mass wasting codes. The generalized erosion codes

(e.g., RUSLE, EPIC, and WESS) generate estimates of the average soil loss due to water or
wind erosion from a plot of land. These codes have generally been developed and validated for
erosion of agricultural lands, although they can be applied to other types of disturbed land. The
localized erosion codes simulate soil loss at specific locations within a plot of land. Some of the
localized erosion codes simulate soil loss given a constant topography (e.g., WEPP,
EUROSEM, and WEPS), whereas others, termed landscape evolution codes, can simulate
changes in topography leading to the development of gullies and other discrete landforms

(e.g., LISEM-Gullies and CHILD). The landscape evolution codes may be useful for evaluating
possible changes in the cover topography that can affect long-term performance. Finally, the
mass wasting codes can calculate stresses and potential slip surfaces within the side slopes of
the cover that could lead to slope failure and slumping. These codes vary in their complexity
and ability to consider such factors as heterogeneous soil conditions, the effects of water
infiltration on porepressures, and seismicity. For example, SLOPE/W is a commercial code



distributed by GEO-SLOPE/W International, Ltd. that is part of the GeoStudio® package, which
includes VADOSE/W. SLOPE/W can be coupled with SIGMA/W, a finite element code for
computing soil stresses and deformation, and QUAKE/W, a finite element code for computing
seismically induced pore pressures and stresses.

Processes that have been identified as potentially affecting performance during and after the
institutional control period include

. Desiccation cracking of internal clay barriers

. Disturbance of cover internal structure due to freeze/thaw cycles

. Rupture of geotextiles and geomembranes due to settlement

. Infiltration of fine particles into capillary barriers and drainage layers

. Microbial plugging of capillary barriers and drainage layers

. Penetration of geotextiles, geomembranes, and clay barriers by plant roots
. Physical or chemical deterioration of geotextiles and geomembranes

No computer codes were identified for simulating changes in soil properties or degradation of
geotextiles or geomembranes. Conceptual models have been developed for projecting
changes in the ecological setting of the cover that could affect plant and animal communities
and lead to biopenetration of the cover materials. These conceptual ecological models could
then be used to construct scenarios of biopenetration, and the impact of these penetrations on
cover performance could then be evaluated using the quantitative hydrologic and erosion
codes. Additionally, computer codes for simulating the evolution of animal and plant
communities have been developed as research tools for investigating ecological responses to
such processes as climate change, forest fires, and land-use changes. Although quantitative
ecological models have not been applied to estimate the effects of possible transitions in animal
and plant populations on land disposal unit covers, they have been used to model such
transitions at other disturbed sites, and the modeling approaches could be applied to land
disposal unit covers.
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1 INTRODUCTION

The U.S. Department of Energy (DOE) has proposed in-situ disposal of residual radioactive
materials contained in liquid storage tanks formerly used in the processing of radioactive
materials at the Savannah River Site and the Idaho National Laboratory pursuant

to Section 3116 of the Ronald W. Reagan National Defense Authorization Act for Fiscal
Year 2005. An important component of the disposal plan at these sites is the creation of
engineered barriers to limit human and animal contact with the waste and to limit percolation
of meteoric water into the waste. An engineered soil cover would be one of these
engineered barriers.

Engineered covers for near-surface disposal of radioactive waste are intended to limit release of
radionuclides from the waste form to the environment and, in some cases, to prevent or
discourage human intrusion into the waste. With respect to release of radionuclides to the
environment, engineered covers are designed primarily to limit contact of infiltrating water with
the waste and, in some cases, to limit release of vapor phase radionuclides (primarily radon) to
the atmosphere. Engineered covers may consist of local soil or unconsolidated geologic
materials, imported clay, granular high permeability materials (sand or gravel), geotextile filter
fabrics, and geomembranes. Some designs also include plantings of native or imported
vegetation. Although this report is not specific to any tank closure plan DOE currently proposes,
specific tank closure plans were considered to focus the discussion of possible cover designs.

The long-term performance of the cover depends on changes in the hydraulic properties of the
as-built materials as influenced by physical, chemical, and biological processes and
modification of the as-built structure by water and wind erosion, freeze/thaw processes, and
mass wasting. Assessment of the future performance of the cover may assume a period of
institutional control, monitoring, and active maintenance no longer than 100 years as required to
meet the performance objectives under 10 CFR Part 61, Subpart D (10 CFR 61.59) and
Subpart A (10 CFR 61.7). After the period of institutional control and active maintenance, the
cover is assumed to be unattended and entirely under the influence of nature processes for the
duration of its design life.

Based on these considerations, evaluation of the long-term performance of an engineered cover
design should consider three phases:

. Phase 1: Performance of the as-built cover

. Phase 2: Cover degradation by processes that cannot be detected or practically
remediated during the institutional control period

. Phase 3: Cover degradation by processes occurring after the period of
institutional control

Twenty-one codes addressing these three phases of performance reviewed for this report

are listed in Table 1-1. The selected codes evaluated in this report are discussed in three
major categories: (i) hydrologic codes for evaluating percolation through the cover,

(i) generalized and localized erosion codes for evaluating long-term stability of the cover, and
(iii) miscellaneous codes for evaluating degradation of covers (e.g., changes in soil properties,
in vegetation or in manufactured materials, biointrusion).

1-1



The list is not intended to be exhaustive, but provides a cross section of available approaches to
model engineered cover performance. The codes selected for evaluation were chosen based
on (i) their ability to simulate processes important to cover performance; (ii) prior use, if any,

in simulating cover performance or other validation studies; (iii) public availability; and

(iv) availability of documentation. As used in this report, validation of codes refers to the ability
of the code to reproduce real-world phenomena. In evaluating the 21 selected codes, the
discussion includes (i) theory and abstraction of the modeling approach, (ii) capabilities of the
codes, (iii) principal equations used, (iv) published validation studies, and (v) summary and
conclusions on the usefulness and applicability of the codes.
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Table 1-1. Summary of Selected Codes for Simulation of Engineered Surface Cover Performance and Degradation

Developer/ Operating Platform and
Code Name Type of Code Sponsor Version Availability Documentation
Hydrology Codes
HELP Hydrologic Water Balance | U.S. Army Corps of PC, Windows | V 3.07, 1997 | Public Domain | <http://www.wes.army.mil/
Evaluation of Engineers Waterways el/elmodels/helpinfo.html>
Landfill Experiment Station and
Performance U.S. Environmental
Protection
EPIC Environmental | Water Balance | Texas A&M Blackland PC DIS, Unix 1997 Public Domain | <http://www.brc.tamus.
Policy Research and edu/epic/>
Integrated Extension Center
Climate
UNSAT-H UNSAT-H Combined Pacific Northwest PC DOS, Unix | V 2.01 Public Domain | <http://hydrology.pnl.gov/
Energy National Laboratory resources/unsath/
Balance/ unsath.asp>
Unsaturated
Flow
SHAW Simultaneous Combined U.S. Department of PC DOS exec. | V 2.3.6, Public Domain | <http://www.nwrc.ars.
Heat and Energy Agriculture, NW 2004 usda.gov/models/shaw/>
Water Balance/ Watershed Research
Unsaturated Center
Flow
HYDRUS- HYDRUS- Multi- PC-Progress PC, Windows | V 1.01, 2007 | Commercial <http://www.pc-
2D/3D 2D/3D Dimensional progress.cz/Fr_Hydrus.
Unsaturated htm>
Flow
SVFlux SVFlux Multi- SoilVision Systems Ltd. PC, Windows | V 5.0, 2007 Commercial <http://www.soilvision.
1D/2D/3D Dimensional com/subdomains/svflux.
Unsaturated com/index.shtml>
Flow
VADOSE/W VADOSE/W Multi- Geoslope International PC, Windows | 2004 Commercial < http://www.geo-
Dimensional Ltd. slope.com/products/
Unsaturated vadosew2004.aspx>
Flow
Erosion Codes
RUSLE 2 Revised Generalized U.S. Department of PC, Windows | Rusle2, Public Domain | <http://www.ars.usda.gov/
Universal Soil Soil Erosion Agriculture and 2005 Research/docs.htm?
Loss Equation University of docid=5971>
Tennessee
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Table 1-1. Summary of Selected Codes for Simulation of Engineered Surface Cover Performance and Degradation (continued)

Developer/ Operating Platform and
Code Name Type of Code Sponsor Version Availability Documentation
WEPP Water Erosion | Generalized U.S. Department of PC, Windows | V 2006.5 Public Domain | <http://topsoil.nserl.
Prediction Soil Erosion Agriculture purdue.edu/nserlweb/
Project (Hill weppmain/wepp.html>
Slope and
Watershed
Applications)
EPIC Erosion Generalized Texas A&M Blackland PC DOS, Unix | 1997 Public Domain | <http://www.brc.tamus.
Productivity Soil Erosion Research and edu/epic/>
Impact Extension Center
Calculator
WEPS Wind Erosion Generalized U.S. Department of PC, Windows | V 1.0, 2003 Public Domain | <http://www.weru.ksu.edu
Prediction Soil Erosion Agriculture /weps.html>
System
WESS Wind Erosion Generalized Texas A&M Blackland PC DOS, Unix | 1997 Public Domain | <http://www.ars.usda.gov/
Stochastic Soil Erosion Research and research/publications/
Simulator (An Extension Center publications.htm?
EPIC module) SEQ_NO_115=140474>
EUROWISE Synonym to Localized Soll Utrecht University PC, Windows | V 2.40, 2006 | Public Domain | <http://www.geog.uu.nl/
LISEM-Gulllies | Erosion lisem/>
(Limburg Soil
Erosion
Model)
EUROSEM European Soil Localized Soil Cranfield University, PC, Windows | V 3.6, 1998 Public Domain | <http://www.silsoe.
Erosion Model | Erosion Bedford, United cranfield.ac.uk/nsri/
Kingdom research/erosion/
eurosem.htm>
EPIC Erosion Generalized Texas A&M Blackland PC DOS, Unix | 1997 Public Domain | <http://www.brc.tamus.
Productivity Erosion Research and edu/epic/>
Impact Extension Center
Calculator
Slope Stability
LISA Level 1 Probabilistic U.S. Department of PC DOS 1991 Public Domain | <http://forest.moscowfsl.
Stability Slope Stability | Agriculture wsu.edu/4702/lisa0.html.>
Analysis
DLISA Deterministic Deterministic U.S. Department of PC DOS 1991 Public Domain | <http://forest.moscowfsl.
Level 1 Slope Stability | Agriculture wsu.edu/4702/lisa0.html.>
Stability
Analysis
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Table 1-1. Summary of Selected Codes for Simulation of Engineered Surface Cover Performance and Degradation (continued)

Developer/ Operating Platform and
Code Name Type of Code Sponsor Version Availability Documentation
CHASM Combined Deterministic Bristol Innovations PC Windows Not Commercial <http://www.chasm.info/>
Hydrology and | Numerical Software Sales, Limited specified
Slope Stability | Slope Stability
SLOPE/W Deterministic Geo-Slope International | PC Windows 2004 Commercial <http://www.geo-
Numerical slope.com>
Slope Stability
CHILD Channel-Hill Landscape Rafael L. Bres Not specified Not Research <http://hydrology.mit.ecdu
Slope Evolution Research Group, specified /index.phpl/Models/
Integrated Massachusetts Institute CHILD>
Landscape of Technology
Development
SIBERIA Not an Landscape Telluric Research UNIX V 8.30 commercial <http://www.
acronym Evolution telluricresearch.com/
siberia-homepage.html>




2 HYDROGOLOGIC CODES

Evaluating the performance of an engineered cover should focus on whether or not the cover,
as designed, will be capable of meeting its performance goals in terms of limiting radionuclide
releases to the environment. Such evaluations typically consider the hydraulic behavior of the
design and construction materials in terms of surface water runoff, subsurface infiltration, and,
when appropriate, vapor phase emissions. Although evaluation of the cover design might
assume that the design specifications for the cover and its materials are met, deviations from
specifications in both the construction and material properties can be expected and should be
considered in evaluating the design. For example, undetected tears or punctures in
geomembranes may result from construction activities and the robustness of the design in the
presence of these defects could be considered. Soil properties and vegetation may also vary
spatially from those assumed in the design or evolve with time. Deviations from design
specifications are not normally considered to be due to degradation of the cover but can be
considered in terms of the uncertainty in the design performance. The following discussion
focuses on computer codes used to estimate infiltration and percolation through a proposed
cover design and the uncertainty in these estimates. These codes can also be used to estimate
percolation through a degraded cover.

2.1 Possible Cover Designs

This section discusses the general types of soil cover designs that might be considered for
closure of near-surface radioactive waste disposal sites. No specific regulations or design
requirements apply to covers for in-place closures at these sites under the Ronald W. Reagan
National Defense Authorization Act for Fiscal Year 2005, although cover designs at the Idaho
National Laboratory tank farm facility might need to consider guidance under the Resource
Conservation and Recover Act (RCRA)." Nevertheless, general performance goals for the
covers include limiting human and biological intrusion and minimizing infiltration of water into the
waste form. This section focuses on cover designs that might be considered by the

U.S. Department of Energy (DOE) to minimize water infiltration. These designs can be
generally classified as “barrier” designs and “evapotranspirative” designs. These designs are
not mutually exclusive, and combinations of the two concepts are possible.

211 Barrier Designs

Barrier designs are cover designs intended to physically prevent or reduce infiltration through
the cover. The goal is intended to be achieved by using low permeability materials to physically
divert infiltrating water from the waste disposal area. These types of covers are sometimes
referred to as “RCRA” or “prescriptive” covers because their design is based on performance
standards contained in RCRA Subtitles C and D. Although RCRA does not specify materials
and designs for final covers for hazardous waste land disposal sites, U.S. Environmental
Protection Agency (EPA) guidance for final covers (EPA, 1991) has been interpreted as
requiring a standard design similar to that shown in Figure 2-1. This standard design consists
(from bottom to top) of a compacted clay layer with a saturated hydraulic conductivity no greater
than 10" cm/s [3 x 10°° ft/d], a geomembrane liner over the clay, a drainage layer to convey

'Resource Conservation and Recover Act is used frequently throughout this report. The abbreviation RCRA wiill
be used.
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infiltrating water off the disposal area, a geotextile filter fabric to prevent infiltration of fine soil
into the drainage layer, and a soil cover to protect the underlying materials. The compacted
clay layer can be replaced with a geosynthetic clay liner (GCL).? A GCL is a blanket of
bentonite clay sandwiched between geotextiles that varies in thickness from 5to 8 cm [0.2 to
0.3 in] (EPA, 2001; National Research Council, 2007). The geomembrane liner is typically
40-mil [0.040 in] or thicker high-density polyethylene. The entire cover must also be sloped to
allow water to flow off the site through the drainage layer. Some covers may also include a
biointrusion barrier consisting of stony material intended to limit penetrations by burrowing
animals (National Research Council, 2007).

Although the design and materials used for barrier covers are not strictly specified for closure of
hazardous waste disposal sites under RCRA, DOE could propose the basic concepts and
materials used for barrier covers for in-place closures of former waste holding tanks at Idaho
National Laboratory or Savannah River. For example, a conceptual design for the barrier cover
shown in Figure 2-2 was proposed for closure of the Savannah River Saltstone Disposal Facility
(Rosenberger, et al., 2005).

21.2 Evapotranspirative Designs

Evapotranspiration (ET)® covers, also known as “water balance” covers, “store and release”
covers, and “alternative” covers, do not rely on low-permeability materials to act as barriers to
water movement, but rather they rely on the ability of vegetated soil to retain water that
infiltrates during wet periods and release water to the atmosphere by evapotranspiration during
dry periods. A typical ET cover design is shown in Figure 2-3. No standard design for ET
covers is possible because the performance of an ET cover depends on the local climate, the
soil-moisture retention and hydraulic properties of the soil, and the vegetation growing on the
cover. Rather, the design for a specific site must be based on estimates of the water retention
characteristics and unsaturated hydraulic conductivity of the soil to be used and calculations of
the percolation to be expected under local climate and vegetation conditions. In general, ET
covers are considered for sites in subhumid to arid climate zones.

2.2 Approaches and Codes for Modeling Water Percolation

Just as the cover designs for land disposal units focus on limiting the amount of water that might
contact the waste, assessment of the as-built performance of covers usually focuses on
estimating the rate or volume of water that is expected to percolate through the cover. In some
cases, the performance assessment could also consider the movement of contaminant gases
through the cover or the intrusion of atmospheric gases into the waste. This section focuses on
models that might be used to estimate water percolation through the cover. The models
discussed are applicable for modeling percolation not only through the as-built cover, but also
through degraded covers during and after the period of institutional control. The selection of
models discussed in this section emphasizes their capabilities to estimate soil water losses due
to surface runoff and evapotranspiration, in addition to computing percolation, because these
near-surface processes dominate the water balance for both barrier and ET soil covers. The

2Geosynthetic clay liner is used frequently throughout this report. The abbreviation GCL will be used.

3Evapotranspiration is used frequently throughout this report. The abbreviation ET will be used.
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effect of additional [per the U.S. Nuclear Regulatory Commission (NRC)] engineered barriers
not normally included in a cover design, such as concrete vaults or steel tank lids, is not
considered. Modeling approaches for estimating gas transport through the cover are discussed
in Section 2.3.

2.21 Water Balance Models and Codes

Water balance model codes calculate percolation through the cover based on the difference
between water infiltrating into the cover and the water lost by evapotranspiration and lateral
diversion without formally solving the equations that describe the flow of water through the
cover under partially saturated conditions. Two codes based on the water balance approach
that have been used to simulate the performance of land disposal unit covers are the Hydrologic
of Landfill Processes (HELP) (Shroeder, et al., 1994a,b) code and the Environmental Policy
Integrated Climate (EPIC) code [formerly known as the Erosion/Productivity Impact Calculator
(e.g., Mitchell, et al., 1998)].

2211 HELP Code

The HELP code was developed to be a tool for designing covers and leachate collection
systems for municipal solid waste landfills, and its use has been extended to hazardous waste
landfills. The conceptual model of the landfill on which the HELP code is based is illustrated in
Figure 2-4.

22111 HELP Modeling Approach

HELP represents the cover and underlying materials as a number of discrete layers, as
illustrated in Figure 2-4. A daily water balance calculation is performed on a vertical column for
each layer starting with precipitation on the uppermost “top soil” layer and proceeding to
underlying layers. The user supplies weather records, including daily precipitation, temperature,
and radiation. Although the calculations in HELP are performed for a vertical column, the
program provides algorithms for accounting for lateral diversion of water by surface runoff, flow
along drainage layers, and leachate collection systems below the waste. Only the general
features of these water balance calculations are discussed here; these calculations are detailed
in Schroeder, et al. (1994a).

The volume of water available to infiltrate into the top soil layer is calculated by subtracting
surface runoff and evaporation from ponded surface water from rainfall. The program includes
procedures for accounting for snow accumulation and snowmelt. Runoff is calculated using the
Soil Conservation Service curve number method. HELP includes algorithms for accounting for
runoff from frozen soil, snowmelt, and rainfall on snow. Daily infiltration into the top soil layer is
then equal to the sum of rainfall and snowmelt minus runoff, surface storage (water in
depressions that does not infiltrate during the day), and surface evaporation.

ET losses from the top soil layer and drainage into lower model layers are then calculated for
each day. Evaporation and plant transpiration losses are computed starting with potential
evaporation using an equation attributed to Penman (1963) by a complex sequence of energy
and water balance equations that account for available solar radiation, wind, relative humidity,
temperature (including frozen soil conditions), and vegetative cover. These calculations are
detailed in Schroeder, et al. (1994a). An important control on the ET calculations is the
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evaporation zone depth that is either a default or user-defined value based on soil type. The
evaporative zone is divided into seven segments, and the ET calculations are performed from
the top down in an explicit manner. HELP also calculates seasonal variations in vegetative
cover as a function of temperature and growing season that affects the ET losses. The
vegetative-growth algorithms were extracted from the Simulator for Water Resources in Rural
Basins (Arnold, et al., 1989).

Vertical water movement within layers is assumed to be due solely to gravity drainage and
occurs only when the water content of a sublayer is above the field capacity. In this case, the
vertical flux is given by

2-1
q, =K. (6,) (2-1)
where
q, — vertical water flux [L/t]
K,(6,) — vertical hydraulic conductivity at effective water content &, [L/t]

— effective water content

e

HELP also allows for perching of water on top of low permeability layers, in which case the
vertical flux between the higher and lower permeability layers is computed as

H+b

9, =K,(6,) (2-2)
b
where H is the hydraulic head at the top of the layer and b is the thickness of the layer.
The effective water content is calculated by
@:K{e—@} (2-3)
s — 6,
where
0 — calculated water content of the layer
B, — irreducible water content
8, — saturated water content
The vertical hydraulic conductivity at a given effective water content is calculated as
Kz (He) = Kz ' HeHZ//1
(2-4)
where
K, — saturated vertical hydraulic conductivity [L/t]
A — pore size distribution index
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These formulations for the water flux do not account for capillary effects on the redistribution of
water. This limitation also prevents HELP from simulating the effects of capillary barrier layers.
Although HELP adjusts the vertical hydraulic conductivity to account for changes in water
content, it does not formally solve the partial differential equations that describe flow through
unsaturated porous media.

Another important feature of HELP that is relevant to simulating the performance of covers for
in-place tank closures is its ability to represent subsurface lateral drainage and seepage through
geomembrane liners. HELP allows water from the waste site to be diverted through lateral
drainage layers underlain by geomembranes when saturation occurs within the drainage layer.
Lateral flow in drainage layers during a daily time period is computed using a steady-state
solution to the Boussinesq equation. Seepage through defects in geomembranes is computed
using a variety of analytical equations describing water flow through pinhole and other
installation defects for a range of liner/soil contact conditions.

22112 HELP Code Validation

Despite its extensive use in the United States, relatively few reports comparing or validating
HELP with actual measurements of percolation fluxes through soil have appeared in the
technical literature. Khire, et al. (1997) compared simulations performed with HELP

Version 3.01 and UNSAT-H with water balance and percolation measurements at a landfill near
Atlanta, Georgia (humid climate), and a landfill near East Wenatchee, Washington (semiarid
climate). As will be discussed in Section 2.2.2.1, UNSAT-H is a one-dimensional model that
computes soil-water movement by solving the Richards equation. Khire, et al. (1997) reported
that HELP significantly overestimated the percolation at the Georgia site, whereas UNSAT-H
slightly underestimated the percolation. HELP significantly overestimated percolation at the
Washington site for all conditions; UNSAT-H significantly underestimated percolation during a
relatively wet period, but slightly overestimated percolation during a relatively dry period.

Berger (2002) reported on validation studies of HELP Version 3.07 in Germany in which several
calculation errors in HELP Version 3.07 were identified and reported to have been corrected in
a German version of HELP (HELP 3.50 D). Although Berger (2002) describes the German
studies as validation, the HELP simulations were not compared to actual field water balance
measurements. Rather, the errors HELP Version 3.07 produced were identified based on
certain physically unrealistic simulation results. Of particular note was the sensitivity of the
simulation results to the number of timesteps per day used in the HELP simulations. This type
of behavior is to be expected given the explicit nature of the mathematical procedures in HELP.

Finally, Hauser, et al. (2005) reported comparisons between HELP Version 3 and EPIC with
actual water balance measurements from lysimeters at a humid climate site in Ohio and a
semiarid site in Texas. HELP was found to overestimate actual percolation during both wet and
dry periods. The results for EPIC are discussed in Section 2.2.1.2.

22113 HELP Code Availability and Adaptability
HELP Version 3 source code is freely available to the public. The user interface is written in
Microsoft BASIC and the computational portions of the code in Fortran—probably Fortran 77

based on the date of the code release. The code was acquired and inspected for this report.
Although the Fortran code is reasonably well commented, significant modification of the code
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would probably be difficult without the assistance of the software developer. The reportedly
improved version of the code, HELP 3.50 D (Berger, 2002), is available for purchase from the
University of Hamburg.

2.21.2 EPIC Code

EPIC, like HELP, is a one-dimensional water balance code. EPIC was originally developed to
simulate erosion by wind and water and nutrient leaching of agricultural lands, rather than for
simulating landfill covers. EPIC performs water balance, nutrient transport, and plant growth in
a vertical soil column using a set of explicit water- and mass-budget equations. EPIC also uses
the Universal Soil Loss Equation (USLE) and Modified Universal Soil Loss Equation (MUSLE) to
calculate erosion. The capabilities of EPIC with regard to erosion modeling are discussed
separately in Section 3.1.2.

2.2.1.21 EPIC Modeling Approach

The following description of the modeling approaches in EPIC is based largely on Williams
(1995). Additional EPIC documentation is contained in Williams, et al. (1990). Like HELP,
EPIC operates on daily weather data. According to Williams (1995), the weather data

(e.g., precipitation, temperature, wind) EPIC requires are generated by the code based on
statistical parameters the user supplies or directly enters. Based on this information, EPIC is
not as well documented and stable as HELP.

Surface runoff is calculated using the Soil Conservation Service curve number method and
includes the capability to modify the retention parameter used to modify the curve number
based on antecedent soil moisture conditions. EPIC has procedures for modifying the curve
number for rainfall on frozen soil and for calculating runoff from snowmelt. EPIC also
includes simple procedures to estimate peak flows from runoff events that are used in the
erosion calculations.

Potential evaporation is computed from the weather data using one of four options for
calculating potential evaporation. Williams (1995) contains a complete description of these
options. Actual ET is computed using a complex procedure that considers dynamic plant
growth including changes in root density and the effect of root density on soil properties. This
ability to dynamically compute changes in vegetation and their effect on ET is considered one of
the strengths of EPIC (Hauser, et al., 2005). According to lzaurralde, et al. (2005), the EPIC
plant database consists of almost 100 species including food crops, grasses, and trees. Plant
communities of up to 12 species can be simulated simultaneously.

The procedures in EPIC for calculating vertical water movement through the soil layers are
based on a concept of exponentially decaying drainage and are largely empirical. According to
Williams (1995), the vertical water flux within layers is described by the following equation

Qz = (61 — Gt )(1—exp(—At / t;) / day (2-5)
where
8, — water content in layer / at the beginning of a timestep [L]
0, — field capacity water content of layer / [L]
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At — timestep [t]
t — water travel time through the layer [t]

The layer travel time is computed as

=t (2-6)

where

K, — saturated hydraulic conductivity [L/t]
Equation (2-5) applies when the water content of an overlying layer is greater than that of an
underlying layer. EPIC also allows for upward flow when the water content of an underlying
layer is greater than that of an overlying layer. In this case, Williams (1995) states that the
upward flux is computed by

G, = (6 — O )(1— exp{— 0. OS[M —~ ﬂ}} / day (2-7)
re1—1 Grol

Neither equation properly accounts for capillary forces between soils of differing pore size
distribution but similar porosity. Lateral flow within layers is computed in a similar manner to the
vertical flow but with the layer travel time adjusted for the slope of the layer. Because of the
one-dimensional nature of the code, lateral flow is diverted and does not become percolation.

Unlike HELP, EPIC does not contain any specialized procedures for simulating drainage layers
or geomembranes.

22122 EPIC Validation

Izaurralde, et al. (2005) state that EPIC has undergone “intensive testing” and cites published
validation studies related to wind and water erosion, crop yield, climate change, and nutrient
cycling. The only validation study directly relevant to applying EPIC to percolation through
landfill covers that was found in the technical literature was that of Hauser, et al. (2005). This
study, discussed previously with respect to the HELP code, compared simulations using EPIC
and HELP to water balances measured by lysimeters at a humid climate site in Ohio and a
semiarid site in Texas. Although EPIC generally performed better than HELP in estimating
percolation, EPIC tended to overestimate percolation during wet periods and underestimate it
during dry periods at the Ohio site. EPIC generally overestimated percolation at the Texas site.

221.23 EPIC Code Availability and Adaptability
The EPIC code is maintained by the Texas A&M University Blackland Research and Extension

Center, Blackland, Texas. The source code is publicly available. The source code obtained for
this report is written in Fortran 77 but is not well documented or commented.
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2.2.2 Unsaturated Flow Codes

This section describes computer codes that formally solve the equations describing water flow
in porous media under partially saturated conditions. Although many codes have been
developed to simulate such flow, only those judged to be potentially suitable for assessment of
land disposal unit covers will be discussed in this section. The basis for judging suitability was
the ability of the code to represent the physical and biological processes affecting water
transport across the land surface boundary. The following discussion is divided into models
limited to simulating one-dimensional soil columns and models with multidimensional
capabilities. The discussion of codes presented here is generally organized from simple to
complex in terms of the processes represented in the codes.

2221 UNSAT-H Code

UNSAT-H (Fayer, 2000) is a code for simulating unsaturated flow through a one-dimensional
soil column. It was originally developed by Pacific Northwest National Laboratory to assist in
the analysis of nuclear waste disposal activities at the Hanford site. The code documentation
(Fayer, 2000) indicates that the conceptual model on which UNSAT-H is based contains
assumptions about hydrologic processes at arid and semiarid sites that may not be appropriate
for sites in more humid areas.

2.2.2.11 UNSAT-H Modeling Approach

UNSAT-H simulates liquid- and vapor-phase water movement due to hydraulic and thermal
gradients. Near-surface processes, such as infiltration, evaporation, and transpiration, are
treated through boundary conditions and source/sink terms in the partial—differential equations
describing liquid, vapor, and heat transport.

The infiltration rate is determined from the upper boundary conditions applied to the soil. At the
start of a precipitation event, the flux (infiltration rate) into the subsurface is set equal to the
precipitation rate (specified flux boundary condition). If the surface model node becomes
saturated (suction head equal to the minimum user-specified suction head) during the
simulation, the upper boundary condition is changed to a specified head equal to the minimum
suction head assigned to the soil. Under this condition, the rate at which water can enter the
model is less than the precipitation rate and the difference between the precipitation rate and
the computed water flux into the model is treated as runoff that leaves the model domain. The
user can also specify a ponded water depth at the surface. UNSAT-H does not simulate
snowmelt or frozen soil conditions.

Between precipitation events, the upper boundary condition can be represented as either
specified flux, equal to the surface evaporation rate, or as a specified suction head. When heat
flow is not being simulated, the upper boundary evaporation rate is either specified by the user
or computed from the potential evapotranspiration (PET)* using the Penman equation and
user-supplied weather data. The potential evaporation rate applied to the surface is PET minus
a calculated potential transpiration rate. The UNSAT-H user manual (Fayer, 2000) is unclear as
to how the surface boundary is treated when the potential evaporation exceeds the ability of the

“Potential evapotranspiration is used frequently throughout this report. The abbreviation PET will be used.
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soil to transmit water to the surface. Albright, et al. (2002) indicate that the upper boundary
condition is reset to a specified head equal to the user-specified maximum suction head in this
case. If heat transport is included in the simulation, the evaporation flux is computed from the
difference between the upper node soil vapor density and the atmospheric vapor density across
an atmospheric boundary layer using a linear transfer function.

Water losses by transpiration are represented through a sink term in the unsaturated flow
equation. The evaporation sink term is a function of the potential transpiration rate computed
from PET and the root density in each soil node. The potential transpiration rate is computed
from PET using

T,=PET[a+b(l,)°];d<l,<e (2-8)
where
T, — potential evaporation rate
PET — potential evapotranspiration rate
I — leaf area index
abcde — user-specified parameters

Water is extracted from each node with roots at the computed potential transpiration rate until
the suction head in the node exceeds the user-specified wilting point, at which point
transpiration from that node ceases. The code has options to simulate seasonal changes in
vegetation by varying the leaf area index and the root growth factors.

Water movement within the subsurface is represented by the Richards equation modified to
include water vapor diffusion due to vapor diffusion. The constitutive relations between water
content, soil water potential, and unsaturated hydraulic conductivity can be represented by eight
methods: polynomial equations, Haverkamp functions, Brooks-Corey functions, van Genuchten
functions, modified Brooks-Corey functions, modified van Genuchten functions, and
Rossi-Nimmo sum and junction models. A version of the van Genuchten function representing
hysteresis is also available. Fayer (2000) describes these options. The temperature in the soil
is computed by solving a partial differential equation describing heat transport by conduction
and liquid and vapor advection of heat.

The partial differential equations representing water and heat transport are discretized using the
finite-difference method. These equations are coupled through the vapor diffusion terms in the
water-flow and heat-transport equations. During each timestep, the water flow and heat
transport equations are solved iteratively.

22212 UNSAT-H Validation

Fayer, et al. (1992) reported a comparison of measured water content and water balances for
lysimeters at the Hanford site with UNSAT-H simulations. They found relatively close
agreement between measured and computed percolation rates over a 239-day period during
1988, although the computed percolation was somewhat greater than the measured values
{1.51 cm [0.6 in] versus 1.15 cm [0.46 in] for one lysimeter and 0.62 cm [0.25 in] versus 1.31 cm
[0.52 in] for the other}.
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Khire, et al. (1997) compared simulations performed with HELP Version 3.01 and UNSAT-H
with water balance and percolation measured at a landfill near Atlanta, Georgia (humid climate),
and a landfill near East Wenatchee, Washington (semiarid climate). They reported that
UNSAT-H slightly underestimated the percolation at the Georgia site and significantly
underestimated percolation during a relatively wet period, but slightly overestimated percolation
during a relatively dry period at the Washington site.

Scanlon, et al. (2002) compared simulated water budgets computed by UNSAT-H and six other
codes (HELP, HYDRUS-1D, SoilCover, SWIM, SHAW, and VS2DTI) with lysimeter water
balance measurements made on experimental soil covers at semiarid sites in Texas and Idaho.
All of the models performed relatively well by predicting less than 1 cm [0.4 in] of percolation at
the Texas site at which no percolation was measured. The percolation UNSAT-H predicted was
comparable to that predicted by the other unsaturated flow codes (HYDRUS-1D, SoilCover,
SWIM, SHAW, and VS2DTI) at the Idaho site. All of the unsaturated flow codes estimated
percolation reasonably well during the wetter periods.

22213 UNSAT-H Code Availability and Adaptability

UNSAT-H is a public domain code, and the source code is available. Based on the code
acquired for this report, the simulation code is written in Fortran 77 and is reasonably well
commented, but the assistance of the software developer or code author would probably be
required for significant modifications. Because near-surface processes such as evaporation
and infiltration are treated through boundary conditions and sink terms in UNSAT-H, the user
must prepare a significant amount of data to specify the parameters affecting these terms.

2222 Simultaneous Heat and Water (SHAW) Code

The SHAW code (Flerchinger, 2000) was one of five codes selected for evaluation during
Phase 1 of the Alternative Cover Assessment Project (Albright, et al., 2002) for application in
simulating water balance cover designs and performance. The other codes were HELP, EPIC,
UNSAT-H, and HYDRUS-2D. SHAW was selected for the Alternative Cover Assessment
Project evaluation in part because of its ability to simulate snow cover and frozen soil.

2.2.2.21 SHAW Modeling Approach

The SHAW code simulates heat and water transport in a vertical soil column based on the
conceptual model shown in Figure 2-5. SHAW was specifically developed by the Northwest
Watershed Research Center, U.S. Department of Agriculture, to simulate water movement and
solute transport processes at sites with significant snow cover and frozen soil conditions. Only
a general description of the complex processes controlling water that are represented in SHAW
is presented here. Flerchinger (2000) contains a detailed description of the mathematical basis
of the code. A general description of the code is also presented in Albright, et al. (2002).

Near-surface water loss processes that control the amount of water available for infiltration are
computed implicitly and are fully coupled in SHAW with the heat and water transport processes
in the subsurface. All of the heat and water transport processes are ultimately driven by
user-supplied weather data including solar radiation, air temperature, precipitation, and
vegetation type and cover. Energy transfer to vegetation and the soil surface is computed using
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a physics-based set of energy transfer functions and constitutive relationships for vegetation,
snow, and soil.

Water available to infiltrate into the soil layers is determined from the difference between rainfall
and snowmelt and losses to the atmosphere by evaporation and sublimation. The amount of
water that actually infiltrates is calculated using the Green-Ampt equation for penetration of a
wetting front. Liquid water available for infiltration that exceeds the flow of water that can
infiltrate based on the Green-Ampt equation is treated as “ponded” on the surface. Ponded
water exceeding a user-specified ponding depth is assumed to run off and is lost from the
system. Transpiration losses are computed using a set of linear plant-water transport equations
that relate plant-water uptake to the difference between the soil-water potential and the
water-potential gradients in the plants. Flerchinger (2000) details the algorithm.

Movement of water in the soil layers is simulated using fully coupled partial differential
equations describing liquid and vapor water transport driven by hydraulic and temperature
gradients. The partial differential equation describing liquid water movement is based on the
Richards equation modified to account for partitioning of water between a mobile vapor phase
and immobile ice phase. The constitutive relations between water content, soil water potential,
and unsaturated hydraulic conductivity are based on the Brooks-Corey equations. For soil
containing ice, water is allowed to flow through the soil until the “available” porosity reaches
0.13, at which point the unsaturated hydraulic conductivity is forced to zero.® Water vapor
phase transport is controlled by diffusion driven by relative humidity and temperature gradients
in the soil. The temperature in the soil is computed by solving a partial differential equation for
heat transport by conduction, liquid and vapor diffusion, and advection of heat.

The partial differential equations describing liquid and vapor water transport and heat transport
in both the canopy and soil layers (Figure 2-5) are discretized using the finite difference method.
These difference equations are solved iteratively during each timestep in a fully coupled
manner. Flerchinger (2000) details the numerical solution approach.

22222 SHAW Validation

Albright, et al. (2002) summarized validation studies that were reported in the technical literature
as of 2002. Their validation studies generally focused on the near-surface features of the code,
such as its ability to predict frost depth, snowmelt, soil temperature, and ET fluxes. Scanlon,

et al. (2002) compared simulated water budgets computed by SHAW and six other codes
(HELP, HYDRUS-1D, SoilCover, SWIM, UNSAT-H, and VS2DT]I) with lysimeter water balance
measurements made on experimental soil covers at semiarid sites in Texas and Idaho. All of
the models performed relatively well by predicting less than 1 cm [0.4 in] of percolation at the
Texas site at which no percolation was measured. The percolation SHAW predicted was
comparable to that predicted by the other unsaturated flow codes (HYDRUS-1D, SoilCover,
SWIM, UNSAT-H, and VS2DTI) at the Idaho site except during one relatively dry period during
which SHAW significantly underpredicted the percolation. All of the unsaturated flow codes
estimated percolation reasonably well during the wetter periods. The underestimation of
percolation by SHAW was attributed to SHAW using the Brooks-Corey equation to compute

>The meaning of “available” porosity is not clear in the documentation. It could mean total porosity minus ice-filled
porosity or the ice saturation.
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unsaturated hydraulic conductivity rather than the more accurate van Genuchten functions
(Scanlon, et al., 2002).

22223 SHAW Code Availability and Adaptability

SHAW is a public domain code, and the source code is available. A preprocessing code is also
available for preparing input files. Due to the complex nature of the processes represented in
SHAW, the input data requirements are significant. Based on the code acquired for this report,
the simulation code is written in Fortran 77 and is reasonably well commented, but the
assistance of the code developer would probably be required for significant modifications.

2223 HYDRUS-2D Code

HYDRUS-2D is a commercial code marketed by PCProgress, Prague, Czech Republic. Itis
based on HYDRUS, which was originally developed by Simunek, et al. (1999) to simulate the
movement of water, heat, and multiple reactive solutes in variably saturated porous media in
two dimensions. HYDRUS-2D is widely used by academic researchers and applied
geoscientists to simulate flow and transport processes in the partially saturated porous media.
HYDRUS-2D solves the flow and transport equations using the finite element method.

2.2.2.3.1 HYDRUS-2D Model Approach

The flow equations in HYDRUS-2D are formulated based on the Richards equation.
HYDRUS-2D also simulates heat transport in the soil. Although heat transport is dependent on
the water flux, temperature affects the water flux only by modifying soil hydraulic properties;
thus the model does not include thermal diffusion of water. Because the temperature
distribution affects the hydraulic properties of the medium, the water flow and heat transport
equations are solved iteratively. Thermal diffusion effects are not included in the transport
equations. A detailed description of the mathematical basis of the code is presented in
Simunek, et al. (2006a,b). Only a general discussion of features of the code relevant to
simulating water flow through soil covers is presented here.

Near-surface processes of evaporation and infiltration are represented through boundary
conditions applied to the top nodes in the model grid specified by the user. The user assigns
maximum evaporation and infiltration rates, which can vary with time and space. The actual
rate assigned to a node during a timestep is computed by the code based on the ability of the
node to conduct water. This ability is determined by the water content and hydraulic head of the
node. If precipitation is assigned during a timestep and the hydraulic head in the node is less
than its value at saturation, the actual infiltration is the lesser of the flux computed using the
hydraulic gradient and unsaturated hydraulic conductivity at the node and the precipitation rate.
If the precipitation rate is greater than the computed infiltration rate, then the excess
precipitation is treated as runoff and lost from the model. If the surface node becomes
saturated during a timestep, the boundary condition is switched from prescribed flux to
prescribed head during the timestep. During periods when evaporation is specified by the user,
the flux out of the model assigned to the node is the lesser of the specified evaporation rate and
the ability of the node to transmit water based on the hydraulic gradient and unsaturated
hydraulic conductivity. If the head in a surface node decreases to a value H,, which is the soil
pressure head at equilibrium with the atmospheric vapor pressure, the boundary condition is
switched from prescribed flux to prescribed head at a value of H,.
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Transpiration is handled by assigning internal sinks based on a root uptake model. The root
uptake model scales actual transpiration using a water stress function and the potential
transpiration. The water stress function depends on the nodal head and an osmotic head that is
dependent on the salinity of the soil water. These are all user-defined parameters, although
HYDRUS-2D provides default values. The computed transpiration flux can be distributed over
multiple nodes using a root distribution function. The description of the mathematical
procedures used to compute transpiration is rather involved [refer to Simunek, et al. (2006a) for
the mathematical details]. As with the simulation of evaporation, assigning the transpiration flux
parameters requires a significant amount of effort independent of the HYDRUS-2D code.

The constitutive relations among water content, soil-water potential, and unsaturated hydraulic
conductivity can be described using four different methods: Brooks-Corey, modified van
Genuchten, a lognormal function attributed to Kosugi (1996), and a dual porosity model
attributed to Durner, et al. (1994). HYDRUS-2D also allows unsaturated hydraulic conductivity
to vary with soil temperature. Hysteresis in soil hydraulic properties can also be simulated. The
mathematic basis for the techniques is rather involved [refer to Simunek, et al. (2006a)

for details].

22232 HYDRUS Validation

The results of various verification and validation tests® of the unsaturated flow portion of
HYDRUS are reported in Simunek, et al. (2006a, 1999). These tests do not specifically relate to
modeling landfill covers.

Scanlon, et al. (2002) compared simulated water budgets computed by HYDRUS and six other
codes (HELP, SHAW, SoilCover, SWIM, UNSAT-H, and VS2DTI) with lysimeter water balance
measurements made on experimental soil covers at semiarid sites in Texas and ldaho. All of
the models performed relatively well by predicting less than 1 cm [0.4 in] of percolation at the
Texas site at which no percolation was measured. The HYDRUS-predicted percolation was
comparable to that predicted by the other unsaturated flow codes (UNSAT-H, SoilCover, SWIM,
SHAW, and VS2DTI) at both sites. All of the unsaturated flow codes estimated percolation
reasonably well during the wetter periods.

22233 HYDRUS Code Availability and Adaptability

The beta version of HYDRUS-2D is the only version commercially available. The computational
kernel of HYDRUS-2D is reported to be available from the U.S. Salinity Laboratory,

U.S. Department of Agriculture, Riverside, California. CNWRA has acquired and verified
HYDRUS-2D performance in simulated water movement in unsaturated soils.

®As used in this report, verification refers to the ability of the code to reproduce generally accepted analytic solutions
to mathematic models of the processes being simulated. Validation refers to the ability of the code to reproduce
observations of real-world phenomena.
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2224 SVFLUX Code

SVFLUX is a commercial code marketed by SoilVision Systems Ltd. It is designed to solve
unsaturated flow problems in one, two, or three dimensions. The code is documented in Thode,
et al. (2005).

2.2.2.41 SVFLUX Modeling Approach

SVFLUX solves the partial differential equations describing unsaturated water transport in soil
based on the Richards equation using the finite element method. The code assumes isothermal
conditions, and water vapor transport is modeled by incorporating vapor diffusion terms into the
Richards equation.

Near-surface processes of evaporation and infiltration are represented as boundary conditions
applied to the surficial nodes in the finite element mesh. Infiltration during a timestep with
precipitation is computed based on user-supplied precipitation data and limited by the ability of
the surface soil to conduct water. If the computed soil surface pore pressure is less than
atmospheric (soil not saturated), the infiltration flux is set equal to the “net precipitation.” The
code documentation is unclear as to whether net precipitation is based on the user-specified
precipitation adjusted for computed evaporation or is simply the precipitation supplied by the
user. If the surface nodes in the finite element mesh become saturated during the precipitation
event, then the surface boundary condition is changed to a specified head equal to the
saturated pore pressure head. In this case, the actual infiltration entering the surface is
computed based on the hydraulic conductivity and hydraulic gradient at the surface node. Any
precipitation exceeding this calculated infiltration rate is lost to runoff. According to Thode, et al.
(2005), SVFLUX does not currently account for ponding.

Evaporation is simulated by assigning an evaporation boundary flux to the surface of the model
grid. The actual evaporation flux can be specified by the user or based on potential evaporation
data supplied by the user modified using the Penman equation. If the modified Penman
approach is used, actual evaporation is computed using weather data by Wilson (1990) and
Gitirana (2005)

I'Q+vE
AE=— "2 -

v/h +T (2-9)
where
AE — actual evaporation [mm]
T — slope of the saturation vapor pressure versus temperature curve at the mean

temperature of the air [kPa/°C]
Q — net radiant energy available at the surface [mm/day]
E, — function related to wind speed and relative humidity
v — psychrometric constant
h, — relative humidity of the soil
The function E, is given by
E,=0.35(1+0.15U,)P,(1/ h, +1/h,) (2-10)
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U, — wind speed [km/hr]
P, — water vapor pressure in the air above the evaporating surface [kPa]
h, — relative humidity of the air

If the user supplies potential evaporation instead of net radiation, actual evaporation is
calculated by

%

hr _ Vpsat,air ha
AE - PE Vpsat,soil (2_1 1 )
1_ psat,air h
Vpsat,soil 2
where
PE — potential evaporation [mm/day]
Vsatair saturated water vapor pressure in air [kPa]

osatsoil — saturated water vapor pressure in the soil [kPa]

The air and soil vapor pressures and radiant energy required by Egs. (2-8) and (2-10) are
calculated using polynomial functions of soil and air temperature. The user must supply the
temperature data. The software documentation is unclear as to how actual evaporation may be
limited by soil properties. Presumably, the hydraulic conductivity of the soil must limit
evaporation in the same manner that it limits infiltration, or unrealistic values of the evaporation
flux could result.

Removal of water by transpiration is simulated by assigning internal sinks to the finite-element
mesh over the root zone in proportion to a root uptake factor. The root uptake factor can be
either uniform with depth or decrease linearly with depth in proportion to the total root zone
depth. Total potential transpiration (PT) is computed from potential evaporation based on a leaf
area index (LAl) given by

PT=0 ifLAI<0.1 (2-12)

PT = PE(-0.21+0.70LAI°® ) if 0.1<LAI< 2.7 (2-13)

PT = PEIfLAI 2 2.7 (2-14)

LA/l versus time can be user supplied or based in internal data tables. The actual transpiration
depends on the root uptake factor and a plant limiting factor. The plant limiting factor is one (not
limiting) when the soil suction is less than 100 kPa [33 ft water] and decreases exponentially
from one to zero (no transpiration) between 100 kPa [33 ft water] and 1,500 kPa [500 ft water] at
the assumed wilting point.

Water movement in the soil layers is simulated by numerically solving the partial differential

equations describing liquid and vapor water transport driven by hydraulic and vapor pressure
gradients under isothermal conditions. The partial differential equation describing liquid water
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movement is based on the Richards equation modified to account for a vapor phase. The
constitutive relations among water content, soil-water potential, and unsaturated hydraulic
conductivity are described using tables of soil suction and unsaturated hydraulic conductivity
versus water content. These tables can be user supplied or selected from a database included
with the code.

22242 SVFLUX Validation

Although the SoilVision web site indicates that SVFLUX is extensively used by commercial and
governmental clients, a literature search did not reveal any formal validation study on SVFLUX
related to landfill cover design.

22243 SVFLUX Availability and Adaptability

SVFLUX is a commercial code, and the source code is not available to the public. Some
aspects of the mathematical approaches in the code are unclear in the documentation.

2225 VADOSE/W Code

The VADOSE/W Code is a commercial code marketed by GEO-SLOPE International Ltd. and is
documented in GEO-SLOPE (2007). VADOSE/W simulates water (liquid and vapor) and heat
transport in two dimensions. It can also simulate oxygen and radon transport.

22251 VADOSE/W Modeling Approach

VADOSE/W simulates liquid and vapor-phase water transport and heat transport in
two-dimensional cross sections. The water and heat transport equations are fully coupled and
discretized using the finite element method. The code includes a feature to simulate
geomembranes using line elements. The documentation (GEO-SLOPE, 2007) does not
describe how the coupling is handled in the numerical solution.

Near-surface processes of evaporation and infiltration are represented as boundary conditions
applied to the surficial nodes in the finite element mesh. Infiltration during a timestep with
precipitation is computed by subtracting the actual evaporation from the precipitation. The
resulting value, which can be either positive (net infiltration) or negative (net evaporation), is
applied as a specified flux to the surface node. However, if a positive flux value would result in
the surface node becoming saturated, the boundary condition changes to a specified pressure
equal to the saturated pressure head, and the net infiltration is calculated from the solution to
the flow equation. In this case, runoff occurs equal to precipitation minus actual evaporation
minus calculated infiltration. The procedures used for routing and accounting for runoff are
described later in this section.

The calculation of actual evaporation is a key aspect of VADOSE/W’s methodology for
simulating flow through a soil cover. Actual evaporation is coupled to the water and heat
transport equations through the calculation of relative humidity in the surface nodes. If net
radiant energy at the soil surface is provided as input, actual evaporation is computed in the
same manner as in SVFLUX [Eq. (2-8)].
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Unlike SVFLUX, in which the vapor pressures and relative humidity required to solve Eq. (2-8)
are user supplied, VADOSE/W calculates these values from the capillary pressure and
temperature; thus actual evaporation is coupled to the subsurface water and heat transport
equations in VADOSE/W. If the user supplies potential evaporation instead of net radiation,
actual evaporation is calculated by Eq. (2-10).

VADOSE/W has procedures for accounting for snow accumulation and snowmelt. The details
of these procedures are not described in GEO-SLOPE (2007). The code also includes
procedures for simulating frozen soil, but these procedures are not described in detail.

Based on its two-dimensional structure, VADOSE/W has an interesting procedure for routing
and accounting for runoff. As discussed previously, runoff occurs when precipitation exceeds
the infiltration capacity computed for the surface soil nodes. These procedures are discussed in
the context of the various mesh configurations shown in Figure 2-6. If runoff is calculated to
occur on a flat surface (R1 in Figure 2-6), the runoff is reported to be applied as a surface flux to
the top node of any adjacent slope during the next timestep. In the case of R1, the code
documentation is not clear as to how the program decides which node [R11 or R12 in

Figure (2-6)] receives the runoff. Runoff on slopes that drain to the interior of the model domain
(R2) is routed directly to interior depressions where it ponds (P1 in Figure 2-6), and the
underlying nodes are assigned a constant head condition. The code implies that a water
balance is maintained on ponded areas, but it is not clear whether water from ponded areas is
lost by evaporation. Runoff from slopes that terminate at the model boundary (R3 in Figure 2-6)
leaves the model.

Movement of water in the soil layers is simulated using fully coupled partial differential
equations describing liquid and vapor-water transport driven by hydraulic and temperature
gradients. The partial differential equation describing liquid-water movement is based on the
Richards equation modified to account for a vapor phase. Although VADOSE/W computes
frozen soil conditions, the documentation is unclear as to the manner in which water is
partitioned between the liquid, vapor, and solid phases. The constitutive relations between
water content, soil-water potential, and unsaturated hydraulic conductivity can be described
using three different methods: Fredlund and Xing (1994), Green and Corey (1971), or

van Genuchten (1980). Water-vapor phase transport is controlled by diffusion driven by relative
humidity and temperature gradients in the soil. The temperature in the soil is computed by
solving a partial differential equation for heat transport by conduction, liquid and vapor diffusion,
and advection of heat.

Oxygen and radon transport due to molecular diffusion are solved based on standard diffusion
equations with decay and partitioning between the gas and water phases. The effective
diffusion coefficients of oxygen and radon are dependent on the water content of the soil. The
documentation does not state whether the effective diffusion coefficients are updated for
changes in water content during a transient simulation.

22252 VADOSE/W Validation
A literature search revealed only one formal validation study of VADOSE/W (Adu-Wasu, et al.,
2007). In this study, water balance simulations using VADOSE/W were compared to measured

lysimeter data from a mine waste rock pile in Ontario, Canada, for two different types of cover
designs. One cover (TP#1) consisted of a GCL membrane overlain by 0.9 m [3 ft] of waste
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rock. The second design (TP#3) consisted of 0.6 m [2 ft] of silty sand overlain by 0.9 m [3 ft] of
waste rock. VADOSE/W significantly overpredicted the percolation through the GCL design
(TP#1) during the entire 1-year study period. For the soil cover design (TP#3), the VADOSE/W
simulation agreed closely with the measured percolation during the fall and winter of the study
period, but significantly underestimated percolation during the late spring and summer when
evaporation was a significant portion of the water balance. The prediction errors were attributed
to errors in computing the soil temperature and to the lack of a hysteresis function in
VADOSE/W to adjust the unsaturated hydraulic conductivity during drying conditions.

22253 VADOSE/W Availability and Adaptability

VADOSE/W is a commercial code, and the source code is not available to the public. The
mathematic procedures in the code are not fully documented.

2.3 Potential and Limitations of the Hydrologic Codes
The capabilities of the various codes reviewed for this report are summarized in Table 2-1.

Based on consideration of the possible cover designs that might be proposed for in-place tank
closures, the environmental processes affecting the performance of such covers, and the
information likely to be available for assessing the performance of these covers, the following
features were determined to be desirable for the hydrologic assessment codes to reliably
estimate percolation under as-built and future conditions:

. Ability to compute surface water losses based on precipitation and land
surface characteristics (Surface Runoff in Table 2-2)

. Ability to simulate snowmelt and frozen soil conditions, particularly for northern locations
such as ldaho National Laboratory, Hanford, and West Valley, New York
(Snowmelt/Frozen Soil in Table 2-2)

. Flexible representation of vegetation types and coverage (Vegetation Type and
Coverage in Table 2-2)

. Ability to simulate lateral diversion by geomembranes and seepage
through geomembranes (Geomembranes in Table 2-2)

. Reliable and transparent algorithms for computing water balances including
evapotranspiration (Water Balance in Table 2-2)

. Robust methods for computing soil-water movement and percolation (Soil Water
Movement in Table 2-2)

. Ability to represent spatial variations in cover properties and cover lower
boundary conditions (Spatial Variability in Table 2-2)

. Ability to produce percolation output in a form suitable to input to codes used to simulate
flow in the disposal cell (engineered barriers and waste form) (Output to Other Models in
Table 2-2)

2-18



. Facilities to perform sensitivity and uncertainty analyses (multiple realizations)
(Sensitivity Analysis in Table 2-2)

None of the codes reviewed have all of the desirable features listed above, although each has
one or more features described as “advanced.” Overall, VADOSE/W comes closest to providing
all of the desired features. Features of VADOSE/W that are particularly attractive, relative to the
other unsaturated flow codes, are

. Ability to route surface runoff over uneven surfaces

. Ability to simulate ponding in specific areas of the cover

. Ability to represent geomembranes using line elements

. Ability to simulate spatially variable cover properties in two dimensions

With respect to ponding, local ponding of water on the cover could be an important factor in the
water balance of the cover when the initially well-graded and well-drained surface is degraded.
The principal drawback of VADOSE/W is the lack of complete documentation of its underlying
mathematical models and the lack of open source code.

Of the one-dimensional unsaturated flow codes, SHAW has the most advanced features with
respect to simulating snowmelt and frozen soil conditions and changes in vegetation. As with
the other one-dimensional unsaturated flow codes, SHAW cannot simulate the effects of
geomembranes. SHAW is well documented with open source code.

With regard to the water balance codes, HELP has interesting algorithms for representing
diversion by geomembranes and EPIC has advanced features for representing vegetation.
Because the subsurface flow algorithms in these models are not physics based, their results will
always be suspect because they use a simplified representation of soil water movement and
because of the possible influence of timestep size and vertical discretization.

In terms of the accuracy of the codes in predicting percolation, the validation studies mentioned
in the previous discussion of individual codes indicate mixed results. In some cases, all of the
modeling approaches (water balance and unsaturated flow) were able to match water balance
measurements from lysimeters. In other cases, none of the codes or modeling approaches
yielded good results. The difference between simulated and measured water balances could be
due to uncertainty in soil hydraulic properties, vegetation water use parameters, heterogeneous
soil properties not represented in the model, inaccurate representation of runfall/runoff
parameters, or the temporal/spatial discretization of the model. In principle, the more
physics-based models should be capable of producing relatively accurate estimates of
percolation given accurate input parameters. As with any type of environmental simulation, the
accuracy of the model results will be limited by uncertainty in the parameterization of the
prototype system. If used judiciously by experienced staff, the unsaturated flow codes would be
capable of simulating percolation with sufficient accuracy to make risk-informed decisions. The
unsaturated flow codes actually used should be selected on the basis of site-specific processes
judged to be most important for long-term performance (e.g., present and possible future
climate, need for two-dimensional analyses, or ease of use).
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Figure 2-6. lllustration of Runoff Routing Scenarios in VADOSE/W
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Table 2-1. Summary of Processes Simulated by the Hydrologic Codes

Code Processes Simulated
Surface
Plant Surface Lateral Subsurface Frozen
Dimension | Growth | ET* | Runoff | Redistribution | Ponding | Infiltration | Percolation | Percolation | Snowmelt Soil
HELP 1 St Ct |S N§ S C S S S S
EPIC 1 C C S N N C S N N N
UNSAT-H 1 N N S N S Cc C N N N
SHAW 1 C C S N S C C N C C
HYDRUS 2 Ul u u N u u C C U u
SVFLUX 3 u S S N N Cc C C u u
VADOSE/W 2 u Cc S Cc C C C Cc C Cc

*Evapotranspiration
1S = simple

3C = complex

§N = not included
|U = user supplied




L¢-¢C

Table 2-2. Summary Capabilities and Limitations of Hydrology Codes for Application to Cover Evaluation

Evaluation HELP EPIC UNSAT-H SHAW HYDRUS SVFlux VADOSE/W
Factor (1-D)* (1-D)* (1-D)* (1-D)* (3-D)* (2-D)* (2-D)*

Surface Runoff Simplet Simple Simple Simple NI NI Advanced§
Snowmelt/ Simple Simple NI Advanced NI NI Advanced?||
Frozen Soil
Vegetation Type Simple Advanced NI Advanced Simple Simple Simple
and Coverage
Geomembranes Advanced NI NI NI Simple Simple Advanced
Water Balance Advanced Advanced Advanced Advanced Simple Simple Simple
Soil Water Empiricalq Empirical Richards# Richards Richards Richards Richards
Movement
Spatial Variability NIt NI NI NI Advanced Advanced Advanced
Output to Other Simple Simple Simple Simple NI Advanced Advanced
Models
Sensitivity P ! ! ! NI NI NI
Analysis
Validation Record Mixedtt Lackingtt Good§§ Good Good Lacking Lacking

*1-D = one-dimensional, 2-D = two-dimensional, 3-D = three-dimensional

TSimple = code includes only simple reporting of mass balance and relies on user-supplied source/sink terms
NI = Not included with current version, difficult to modify code to implement

§Advanced = code includes procedures for calculating and reporting components of the water balance

[? = uncertain, software acquisition required to evaluate

Y[Empirical = code uses empirical or very simplified equations to compute soil water movement

#Richards = code solves the Richards equation to compute soil water movement

**I = possible with code modification

T1Mixed = published record of validation studies on soil covers with favorable and unfavorable results
TflLacking = lacking published record of validation studies on soil covers

§§Good = published record of validation studies on soil covers with favorable results




3 EROSION AND MASS WASTING CODES

After the period of institutional control (as much as 100 years), erosion by wind and water may
modify the thickness and structure of the cover. Mass wasting by slumping of the side slopes
could also affect the integrity of the cover. Codes for estimating the effect of these processes
are discussed in this section. With respect to erosion, the discussion is divided between codes
designed to estimate areal average erosion rates and codes designed to estimate local erosion,
such as gully formation.

3.1 Generalized Erosion Codes

These codes simulate general soil loss from specific types of land surfaces. Such codes are
typically designed to compute soil loss per unit area, which can be converted to change in land
surface elevation if the soil bulk density is known.

311 Revised Universal Soil Loss Equation (RUSLE)

The U.S. Department of Agriculture (USDA)' developed the RUSLE1.06 [e.g., Office of Surface
Mining, 1998; RUSLE2 (USDA-Agricultural Research Service, 2003)] models from the Universal
Soil Loss Equation (USLE) to estimate soil loss from agricultural lands. These models are
designed to estimate rates of soil erosion caused by rainfall and surface water flow on a land
surface. Both models are independent of land use and can be used on a variety of sites

(e.g., cropland, forestland, construction sites, landfills, waste disposal sites) for purposes such
as assessment and inventory of erosion; regulatory and conservation planning tools; and
designing erosion controls.

3.1.11 RUSLE Modeling Approach

The RUSLE codes were designed to estimate net sediment yield or, equivalently, soil loss from
individual hill slopes that represent overland flow paths (USDA-Agricultural Research

Service, 2003). RUSLEZ2 is the most current version of the RUSLE codes and is the
USDA-recommended version. Except for changes to the way annual soil losses are computed
from daily losses, the methodologies used to model erosion in RUSLE Version 1.06 and
RUSLEZ2 are nearly identical, and RUSLE2 will be the version of the code discussed here.

RUSLEZ2 uses a conservation of mass principle to estimate rates of rill and interrill soil erosion
caused by rainfall and its associated overland flow (Figure 3-1). Unlike USLE and earlier
versions of RULSE, RUSLEZ2 can be used on concave or more complex slopes where decrease
in water flow velocity can cause deposition of sediment. RUSLE2 can then calculate the yield of
sediment from portions of the site slopes where deposition occurred.

The RUSLE2 second basic computational principle is the separation of soil particles from the
soil mass, or detachment. This occurs when the transport capacity of the surface runoff eroding
small channels or rills across a site slope exceeds the sediment load in the flow of water. The
detachment of soil particles in interrill erosion is caused by the impact of raindrops and water
drops from vegetation. The sediment generated on interrill areas is transported laterally by thin

us. Department of Agriculture is used frequently throughout this report. The abbreviation USDA will be used.
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flow into rills where surface runoff transports the sediment further downslope. On the other
hand, RUSLE2 also calculates deposition when the sediment load is greater than the transport
capacity of the water flow. Soil particle detachment and deposition are computed using a set of
semiempirical equations and a database of parameter values developed from experimental soil
plots and empirical observations.

RUSLEZ2 estimates daily net detachment through a variation of the USLE factors as follows

a=rklScp (3-1)
where
a — net detachment [M/L?]
r — erosivity factor based on climate
k — soil erodibility factor
/ — slope length factor
S — slope steepness factor
c — cover management factor
p — supporting practices factor

In Eq. (3-1), each factor (except for S, the slope steepness factor) changes daily as
environmental and cover management conditions change. The product in Eq. (3-1) is a daily
sediment production estimate as mass/unit area. Erosivity information for U.S. counties is
stored in the RUSLEZ2 database.

The daily soil erodibility factor value, k, is computed as a function of temperature, precipitation,
and soil erodibility properties. The soil erodibility is affected by intrinsic soil properties such as
detachability of the soil, runoff potential of the soil, and the transportability of the sediment
eroded from the soil. The main properties affecting soil erodibility are the soil texture (sand, silt,
clay percentages), organic matter content, structure, and runoff potential related to permeability
of the soil.

The variable k, I, s, and c in Eq. (3-1) modify the sediment production capacity based on
site-specific field conditions. These unitless variables are ratios of sediment production from
given field conditions to unit plot conditions. The / and S factors represent the effect of slope
length, steepness, and shape on sediment production.

The daily c factor values accounting for the effects of cover management are computed by
RUSLEZ2 with subfactors such as canopy, ground cover, surface roughness, time of last
physical soil disturbance, distribution of live and dead roots, organic matter added into the sail,
and ridge height. These subfactors vary throughout the year with plant changes, soil
disturbances, or addition or removal of materials from the soil.

The daily values of the p factor represent the practices factors (e.g., effects of ridging,

contouring, row grade, terraces, barrierlike vegetative strips) that can reduce transport capacity
and cause sedimentation.
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RUSLEZ2 estimates deposition with the following equation

D =(viQq) (Tc —g) (3-2)
where
D — deposition rate [M/L?]
%i — fall velocity of the sediment [L/t]
q — runoff rate [L/t]
Tc — transport capacity of the runoff [M/L?]
g — sediment load (mass/unit width) [M/L?]

RUSLEZ2 computes transport capacity, Tc, as a function of runoff rate, slope steepness, and
hydraulic resistance. The sediment load is classified into five size and density sediment classes
(from clay to large aggregates). In estimating deposition, RUSLE2 computes how deposition
increases the sediment load in fines as sand and large aggregate particles are deposited first,
and clay and silt travel farther downstream before deposition.

Erosion and deposition processes are represented by a set of algebraic equations with
parameter values selected from a database of empirical values appropriate to the site of
interest. The parameter values are based on correlations derived from measured erosion and
deposition rates. RUSLE2 can simulate nonuniform hill slopes, such as convex or concave hill
slopes, by dividing the slope into segments.

RUSLEZ2 uses a bookkeeping procedure to calculate annual soil loss by summing the daily
values. USLE and RUSLE Version 1.06 models use approximations to first integrate the
individual factors and then multiply those factor values to compute the annual erosion. As
a result, USLE and RUSLE Version 1.06 approximations are less accurate than the
RUSLEZ2 computations.

3.1.1.2 RUSLE Code Validation

The methodology implemented in RUSLE2 has been used extensively for erosion estimations
and conservation planning in the United States. Because RUSLE2 is based on semiempirical
equations representing erosion and deposition processes, the reliability of a soil loss estimate
depends on the applicability of the parameter database to the site of interest. The database
parameters are based on correlations between the parameters contributing to Egs. (3-1) and
(3-2) and measurements of erosion and deposition rates at specific sites. As noted by Yoder,
et al. (2007), much of the data used to develop these correlations was based on fields and test
plots with standard agronomic cropping in the eastern United States. Efforts have been made
to expand the range of correlations to dryer climates and nonagricultural sites. Office of Surface
Mining (1998) provides a compendium of guidelines for applying RUSLE Version 1.06 to
disturbed sites, such as mined lands and construction sites.

Tran, et al. (2002) reviewed the accuracy of USLE and RUSLE in estimating soil loss rates.
Based on their analysis, which agreed with unpublished work by others, they concluded that
RUSLE generally overpredicted soil loss at test plots with measured soil loss rates less than
2.3 x 10* kg/ha-yr [20 tons/acre-yr] and underpredicted erosion rates from sites with soil loss
rates greater than that value. Spaeth, et al. (2003) reported similar findings in applying USLE
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and RUSLE to rangeland test plots in the western United States. Kinnell (2005) attributed this
systematic error to the failure of RUSLE to explicitly consider runoff in the erosion calculation.

An annual soil loss rate of 2.3 x 10* kg/ha-yr [20 tons/acre-yr] is relatively high for
well-maintained agricultural land but much lower than rates for disturbed land such as
construction sites (e.g., University of Missouri Extension, 2007). For reference, a soil loss rate
of 2.3 x 10* kg/ha-yr [20 tons/acre-yr] is equivalent to an elevation change of approximately
1.4 mm/yr [0.06 in/yr] assuming a soil density of 1,700 kg/m® [110 Ib/ft}]. This compares to
erosion rates estimated for vegetated covers at the Savannah River Site Saltstone Disposal
Facility ranging from 3.0 x 10 to 2.8 mm/yr [1.2 x 10 to 0.11 in/yr] using USLE (Phifer, 2004).

3113 RUSLE Code Availability and Adaptability

RUSLE2 2005 is a public domain software and runs on personal computers with the Microsoft®
Windows® operating system. Only the executable code is available.

3.1.2 Erosion-Productivity Impact Calculator (EPIC)

As discussed in Section 2, EPIC was originally developed by Williams (1995) of Texas A&M
Blackland Research and Extension Center to simulate agricultural processes including erosion
by wind and water and nutrient leaching. EPIC performs water balance, nutrient transport, and
plant growth calculations based on a vertical soil column using a set of explicit water and mass
budget equations. EPIC also calculates erosion based on the USLE and Modified Universal
Soil Loss Equation (MUSLE).

3.1.21 EPIC Modeling Approach

EPIC is a continuous simulation used to examine the effects of soil erosion on crop production.
It is being used in numerous countries around the world. The major components of EPIC are
weather, hydrology (discussed in Section 2), erosion-sedimentation, nutrient cycling, pesticide
fate, plant growth, soil temperature, tillage, economics, and plant environment control. The
input data consist of daily soil, weather, and tillage crop parameters (provided by the database);
soil profile (up to 10 layers); homogeneous areas or large fields. The required management
information can be input as a text file.

With respect to erosion, the model is a one-dimensional, agricultural field/farm-scale model
using daily timesteps that can be extended to long-term simulations of several thousand years.
EPIC simulates rainfall and runoff erosion with six equations: the USLE, the Onstad-Foster
modification of the USLE, the MUSLE, two variations of MUSLE, and a MUSLE structure that
accepts input coefficients. MUSLE uses runoff estimates to drive the erosion calculations, as
opposed to USLE and RUSLE, which use rainfall. Thus, using the MUSLE option in EPIC could
reduce the consistent biases in erosion estimates attributed to RUSLE and, by implication,
USLE (Tran, et al., 2002; Kinnell, 2005). In addition, the dynamic coupling between the
hydrologic and vegetation growth algorithms in EPIC derived from USLE or MUSLE erosion
calculations could yield useful estimates of the influence of temporal changes in climate and
vegetation on erosion.
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3.1.2.2 EPIC Code Validation

As indicated in Section 2, EPIC has undergone extensive testing. Validation studies related to
wind and water erosion, crop yield, climate change, and nutrient cycling have been published
(Izaurralde, et al., 2005). The model has been extensively used to predict the effects of soil
erosion. As an example, Bhuyan, et al. (2002) compared EPIC, ANSWERS, and WEPP using
measured soil erosion data from tilled and untilled soil plots in Kansas. They concluded that the
soil loss estimates of each of the models were within the range of observed values, but WEPP
soil erosion predictions were the most accurate. The simulation results of Bhuyan, et al. (2002)
were based on calibrated models, however, and their results may not be representative of
results obtained using a priori estimates of soil properties and uncalibrated models.

3.1.23 EPIC Code Availability and Adaptability

The Fortran 77 EPIC source code is publicly available. It is maintained by the Texas A&M
University Blackland Research and Extension Center, Blackland, Texas, but is not
well documented.

3.1.3 Water Erosion Prediction Project (WEPP)

The Water Erosion Prediction Project (WEPP) code is a public domain erosion prediction model
developed by USDA-Agricultural Research Service (1995). The process-oriented, continuous
simulation WEPP code can be used to simulate single hill slope erosion processes at the scale
of a field and hydrologic and erosion processes on small watersheds. WEPP was designed to
be a conservation tool kit to better select locations for future agricultural activities and evaluate
erosion and sedimentation impacts over specified areas.

3.1.31 WEPP Modeling Approach

WEPP uses a physics-based approach to simulate erosion and deposition processes on hill
slopes within a watershed. Although the calculations are performed for individual hill slopes,
multiple hill slopes can be combined to create a watershed model, as illustrated in Figure (3-2).
Complex hill slopes can be simulated by dividing the hill slope into linear segments.

WEPP is fundamentally different from the RUSLE codes because it is based on mathematical
descriptions of the physical processes that control soil detachment and deposition rather than
statistical correlations. During each simulation day within each hill slope segment, erosion is

described by the following steady-state equation (USDA-Agricultural Research Service, 1995).

dG

v D; +D; (3-3)
where
G — sediment loading rate at downstream distance x on the hill slope segment [M/t-L]
D; — rill erosion rate [M/t-L]
D, — interrill sediment delivery rate to the rill [M/t-L]
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Eq. (3-3) is solved for daily runoff events where D, and D, are functions of

. Peak runoff

. Effective runoff duration

. Rainfall intensity

. Effective runoff duration

. Soil properties and cover conditions
. Topography

Weather ultimately drives the erosion processes. WEPP uses a stochastic weather generator
to create daily precipitation, temperature ranges, solar radiation, and wind that affects the water
balance. WEPP also simulates winter processes such as frozen soil and snowmelt. Runoff is
computed using the water balance module of the Simulator for Water Resources in Rural Basins
(SWRBB) (Arnold and Williams, 1995) that accounts for infiltration, percolation, and
evapotranspiration (ET).2 Overland flow is simulated using the kinematic wave equation. Plant
growth and cover are simulated using the procedures in EPIC (e.g., Mitchell, et al., 1998).
Although WEPP also simulates channel erosion and sediment delivery to impoundments, these
processes are not relevant to land disposal unit cover performance. Details of the mathematical
procedures used in the code are well described in USDA-Agricultural Research Service (1995).

3.1.3.2 WEPP Code Validation

Of the nine published reports of applications of WEPP to monitored watersheds, seven focused
on forested, mountainous watersheds in the United States and abroad (e.g., Spigel and
Robichaud, 2007; Croke and Nethery, 2006) and the findings of these studies are not
particularly relevant to land disposal unit covers. Greer, et al. (2006) tested the performance of
WEPP on test plots in the Palouse area of eastern Washington to evaluate its ability to simulate
the effect of winter processes on soil erosion. They found that snowmelt and rainfall on frozen
ground played a significant role in erosion and that WEPP was underestimating erosion by
these processes. As originally coded, WEPP did not sufficiently reduce the effective hydraulic
conductivity of frozen soil to cause runoff. By modifying the code to further decrease the
hydraulic conductivity of the frozen soil, Greer, et al. (2006) were able to achieve better
agreement between simulated and measured erosion rates.

Raclot and Albergel (2006) tested the performance of WEPP on a 245-ha [605-acre] watershed
in Tunisia with a Mediterranean climate. Their analysis indicated that WEPP estimated the
cumulative sediment yield for a 7-year period with five significant precipitation periods within
+13 percent of the measured volume, but significantly over- and underestimated sediment
yields for specific precipitation periods. Raclot and Albergel (2006) considered the relative
accuracy of the cumulative estimate to be coincidental. They attributed the error in the
individual period sediment yields to be the failure of WEPP to adequately account for desiccated
soil conditions that developed in the semiarid climate of the watershed.

2Evapotranspiration is used frequently throughout this report. The abbreviation ET will be used.
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3.1.3.3 WEPP Code Availability and Adaptability

WEPP Version 2006.5 is a public domain code. It can be used on personal computers with
Windows operating system 95/98/NT/2000/XP. WEPP is a relatively complex code, and
assistance of the code developer would be required for modifications.

3.2 Localized Erosion Codes

The codes presented next can simulate localized water erosion, such as formation of rills and
gullies. Rill erosion is caused by flow runoff and increases as a function of the distance along
the overland flow path. In rill erosion, soil particles are removed by water flowing in little
streamlets. Rills are typically small enough that they can be plowed or tilled across. As
entrainment of soil continues or flow increases, rills will become wider and deeper and can
evolve into gullies. There are two types of erosional gullies: ephemeral and classical.
Ephemeral gullies are transitory and smaller than classical gullies. Ephemeral gullies can
reform in the same location in a field following plowing or tilling depending on their depth and
width. Classical gullies represent a more advanced and permanent stage of water channel
erosion. These channels can convey large amounts of rain or melt water and deposit the
eroded soil at the foot of the gully. Classical gullies are the result of widening and deepening of
erosional channels that can no longer be tilled across.

3.21 EUROSEM

The European Soil Erosion Model (EUROSEM) was developed by European and U.S. scientists
with European Commission research funding. The code was designed to simulate soil erosion
on an event basis for fields and small plots of land. According to Morgan, et al. (1998),
EUROSEM was developed to address erosion processes occurring during relatively infrequent,
high intensity storm events that were not adequately addressed by continuous erosion
simulators such as WEPP.

3.211 EUROSEM Modeling Approach

EUROSEM is a physics-based code for simulating runoff and erosion from watersheds during
single storm events. The code solves the continuity equations for water flow and sediment
transport over a two-dimensional topographic surface, as illustrated in Figure (3-3). The
overland and channel water flow rates required for the erosion calculations are generated by
KINEROS, a watershed hydrology code (Woolhiser, et al., 1990) that is linked to the erosion
module of EUROSEM. The hydrologic processes represented in KINEROS are shown in
Figure (3-4) along with their interactions with the erosion processes. As with LISEM-Gullies, ET
is not represented in the hydrology calculations, because of the single-storm event nature of
the code.

The procedures used to compute soil particle detachment and deposition are process based
and described in detail in Morgan, et al. (1998). These processes are linked through the
sediment transport continuity equation, which is solved numerically along each flow path in the
model domain to yield a two-dimensional estimate of soil loss and deposition. The topography
of the model domain does not change during the simulation, however.
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3.21.2 EUROSEM Code Validation

EUROSEM has been tested on monitored watersheds and test plots in Africa, Asia, Europe,
and Central America. Folly, et al. (1999) reported good correspondence between simulated and
measured soil loss for test plots in the Netherlands for storms with characteristics similar to
storms used to calibrate the model. The agreement between simulated and measured soil loss
was reported to be poor when the storm characteristics were significantly different than those of
the calibration storms.

Veihe, et al. (2000) reported good agreement for simulations on soils with rock fragments in the
cover. Veihe, et al. (2001) tested EUROSEM at a site in Nicaragua. They found EUROSEM
gave good estimates of annual soil loss when the model was calibrated using site conditions.
Visser, et al. (2005a) also reported good correspondence between simulations and
measurements for sites in the Sahel region of northern Africa when the model was calibrated for
site-specific conditions.

Cai, et al. (2005) reported good agreement between EUROSEM simulations and measured total
soil loss during individual storm events for test plots in China, even though EUROSEM did not
accurately simulate the timing and rate of sediment transport during the event. Finally, Mati,

et al. (2006) applied EUROSEM to test plots with bare, grass, and shrub cover at a site on the
upland slope of Mt. Kenya and a lower elevation, semiarid site below Mt. Kenya. They reported
that EUROSEM performed well for the upland site, but poorly for the lowland site.

The mixed results and need for site-specific calibration reported for EUROSEM are similar to
those reported for the other physics-based erosion model, WEPP, discussed previously.

3.21.3 EUROSEM Code Availability and Adaptability

A DOS version of EUROSEM is available at <http://www.silsoe.cranfield.ac.uk/nsri/
research/erosion/>. As of July 20, 2007, the Windows version of the code was not available
due to user-reported problems and no funding was available to fix the Windows version. Based
on Morgan, et al. (1998), the code is well documented. Because EUROSEM is designed to
simulate single precipitation events, software modification would be needed to simulate
long-term erosion processes.

3.2.2 Landscape Evolution Codes

Landscape evolution codes simulate erosion processes that change the topography of the
landscape being simulated. This section describes three such codes—LISEM-Gullies (Jetten,
2002), SIBERIA (Willgoose, 2006), and Channel-Hill Slope Integrated Landscape Development
(CHILD) (Tucker, et al., 2001)—that simulate the changes in site topography due to erosion.

3.2.21 LISEM-Gullies (EUROWISE)

The University of Utrecht developed the Limburg Soil Erosion Model (known as LISEM) as a
research runoff and erosion model, simulating the effects of a single rainfall event on small
watersheds of approximately 10 to 300 ha (25 to 750 acres). LISEM was extended to
incorporate the formation of ephemeral gullies. This extended model was named LISEM-Gullies,
also known as EUROWISE.
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3.2.21.1 LISEM-Gullies Modeling Approach

LISEM-Gullies is a single event watershed hydrology and sediment transport code with the
ability to simulate gully formation. LISEM-Gullies uses physics-based algorithms to simulate
runoff and general soil erosion over a two-dimensional topographic surface divided into grid
cells with uniform subsurface soil properties (Jetten, 2002). The runoff-generating processes
based on user-supplied rainfall data include interception, surface storage, infiltration and
percolation, overland flow, and channel flow. Overland flow is calculated using the kinematic
wave equation, and channel flow is calculated using the Manning equation. Flow is routed
between grid cells based on the topographic gradient. ET losses are apparently not considered,
because the code is designed to simulate individual, relatively short-term runoff events.

Soil particle detachment due to splash and runoff (general erosion) and deposition within each
grid cell are calculated using a set of semiempirical kinetic energy equations. Based on Jetten
(2002), sediment mass balance for each cell is computed explicitly based on the transport into
and out of the cell and deposition within the cell.

LISEM-Gullies has the interesting ability to simulate the initiation and development of gullies
during a runoff event and thus the evolution of the topographic surface. This is accomplished
by introducing a feedback loop whereby soil volume changes during a timestep are used to
recalculate the topographic surface used in the subsequent timestep. Gully formation is
calculated using a three-step process. First, the landscape surface is analyzed to determine the
likely locations of gully formation (so-called “critical areas”) based on empirical relationships
between a contributing runoff area and a topographic slope developed in Belgium and Spain.
Special procedures described in Jetten (2002) are used to create continuous potential gully
channels based on the initial topography. Next, the soil detachment and sediment delivery due
to general erosion within each cell of the watershed is computed. Finally, the soil volume
change due to channel flow in the gully associated with each critical area is computed using
empirical discharge-width relationships.

The soil volume change in the gully is described by an empirical relationship between gully
width and flow of the form

w = aQb (3_4)
where
w — gully width [L]
Q — surface flow rate [L*/]
ab — empirical coefficients

By solving Eq. (3-4) from timestep to timestep, the soil volume removed from the gully is
calculated and the resulting change in gully depth is computed. Different width-depth
relationships are used from vertically homogeneous soils and for soils with a resistant surface
layer. By implementing this process from timestep to timestep, the topography of the
watershed evolves.
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3.221.2 LISEM-Gullies Code Validation

Only one application of LISEM-Gullies was found in the published literature. Hessel, et al.
(2006) reported on experience applying LISEM-Gullies to watersheds in Africa. They concluded
that LISEM-Gullies generally overpredicted erosion, but correctly simulated the general pattern
of erosion from single storms.

3.2.21.3 LISEM-Gullies Code Availability and Adaptability

LISEM-Gullies (University of Utrecht, 2007) is reported to be publicly available, but neither the
code nor the executable were available at this web site. Because LISEM-Gullies is designed to
simulate single precipitation events, it would require software modification to simulate long-term
erosion processes. All input to LISEM-Gullies is entered through a free geographic information
system code called PCRaster.

3.22.2 SIBERIA and Channel-Hill Slope Integrated Landscape Development
(CHILD) Codes

The SIBERIA and CHILD codes evolved from landscape evolution research at Massachusetts
Institute of Technology (e.g., Willgoose, et al., 1991; Tucker and Bras, 1998). Because the
modeling approaches in these codes are very similar, they are discussed together.

3.2.2.21 Modeling Approach

SIBERIA and CHILD simulate evolution of a landscape, which could be the cover of a waste
disposal site and the surrounding terrain, by simulating the development of channels and
erosion of hill slopes. This approach uses a partial differential equation of the form (Tucker and
Bras, 1998)

oz Z0)

5: U—7;+H(X,y,t) (3'5)

to describe the transfer of sediment within a watershed where

z — land surface elevation at location x, y [L]

U — rate of tectonic uplift [L/t]

Q, — sediment flux in the direction, s, of surface water flow [L%/t]

H(x,y,t) — a function describing land surface elevation changes due to processes

[L/1] other than surface erosion, such as slope creep and land sliding

The sediment flux in Eq. (3-5) is a nonlinear function of semiempirical parameters that relate
sediment particle transport to surface water flow, land surface slope, and soil properties. Based
on the code descriptions for SIBERIA (Willgoose, 2006) and CHILD (Tucker, et al., 2001),
CHILD appears to have evolved from SIBERIA and to be a more complete code in terms of the
range of landscape modification processes represented in the code. These modifications
include the effect of vegetation on slope stability, soil creep, and land sliding. CHILD can also
simulate erosion of stratified sediments. Both codes compute the evolution of an initial land
surface by solving Eq. (3-5) over a grid that represents the land surface topography as a mosaic
of triangular or quadrilateral surfaces.
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3.22.2.2 SIBERIA and CHILD Code Validation

SIBERIA and CHILD were developed to simulate landscape development within natural
drainage basins and not to simulate erosion processes in relatively small areas such as a
land-waste disposal unit cover. Thus, the constitutive relationships used in the codes are
largely based on empirical relationships developed for natural landscapes (Tucker, et al., 2001).
Validation of SIBERIA and CHILD has focused on statistical comparisons between landscapes
evolved using the codes and observed landscapes. Istanbulluoglu, et al. (2005) reported a
comparison between observed and simulated gully formation using CHILD. Wilson, et al.
(2004) reported difficulty applying SIBERIA to simulate landscape evolution near waste-disposal
sites at Los Alamos National Laboratory due to the inability to calibrate the model to reproduce
observed landforms. Prior estimates of the parameters used in the constitutive relationships
would be required to apply either SIBERIA or CHILD to simulate the evolution of a land-disposal
unit cover. In addition, the results of the simulation will be very sensitive to the initial land
surface elevation. For long-term cover assessment, this initial condition would be the cover
topography at the end of institutional control, which is unknown and would have to be assumed.

3.2.2.2.3 Code Availability and Adaptability

The SIBERIA web site <www.telluricresearch.com> indicates that the executable is
commercially available as part of the EAMS code. The link to EAMS is under construction, and
no additional information is available at this time. The SIBERIA web site also implies that the
source code (Fortran 95) may be available.

The CHILD web page <hydrology.mit.edu/index.php/Models/CHILD> contains no information

about code availability. Personal communication with the CHILD development group leader
indicates that the code is available but unsupported.

3.3 Wind Erosion Codes

Two codes were identified that are potentially suitable for simulating wind erosion of covers at
land-disposal sites: Wind Erosion Stochastic Simulator (WESS) and Wind Erosion Prediction
System (WEPS). These codes are described in the following sections.

3.31 Wind Erosion Stochastic Simulator (WESS)
WESS is a general erosion simulator designed for single events over single fields or tracks. Itis
reported to be a stand-alone module of the EPIC erosion model, but no documentation for

implementation in EPIC was found in the published literature.

3.311 WESS Modeling Approach

No published documentation of the modeling approaches in WESS was found in the
published literature.
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3.31.2 WESS Code Validation

Van Pelt, et al. (2003) conducted a validation study of WESS and the Revised Wind Erosion
Model (RWEQ). The Wind Erosion Equation (WEQ), used for decades by the Natural
Resources Conservation Service, USDA, was recently replaced by RWEQ. Both WESS and
RWEQ mechanistic models are used to predict wind erosion on an event basis with basic inputs
of soil type, roughness, time since last rain or irrigation event, and wind speed data.

WESS wind erosion predictions were compared to 24 wind erosion measurement events in

Big Spring, Texas, and the RWEQ wind erosion predictions were compared to 41 wind erosion
events measured at several U.S. locations, including 24 events measured at Big Spring. The
results indicated that WESS overestimated small wind erosion events and underestimated large
magnitude events. Based on the range of measured erosion events over time, it was deemed
that WESS would underestimate erosion on an annual basis. RWEQ tended to underestimate
wind erosion on an event basis.

3.31.3 WESS Code Availability and Adaptability

The Fortran 77 EPIC and WESS source code is publicly available from the Texas A&M
University Blackland Research and Extension Center, Blackland, Texas. As with EPIC in
general, the WESS module and its interaction with the other components of EPIC are not
well documented.

3.3.2 Wind Erosion Prediction System (WEPS)

WEPS was developed by USDA to replace the predominately empirical WEQ introduced in the
mid-1950s (Wagner, 1996). The WEPS code is a continuous physics-based code capable of
simulating weather, field conditions, and erosion. WEPS computes soil loss and deposition
within a rectangular grid that can contain subgrids with varying soil properties, topographic
elevations, and wind breaks.

3.3.21 WEPS Modeling Approach

WEPS uses the continuity equation and semiempirical process functions that relate soil erosion
and deposition to wind speed, soil composition, soil moisture, soil cover, and surface
roughness. WEPS can simulate spatial and temporal variability of field conditions and shapes,
soil loss/deposition, barriers, and complex topographies under a wide range of conditions in the
United States. The code can also report saltation, creep, and suspension of soil particles
separately by direction.

WEPS modular structure consists of a user interface, a main routine, seven submodels, and
four databases. The WEPS submodels use daily weather data (from the WEATHER submodel)
for processes that control and change field conditions. The WEATHER submodel generates a
stochastic weather record that drives the other calculations. The HYDROLOGY submodel
performs water balance calculations for a five-layer soil horizon accounting for runoff, ET,
infiltration and percolation, snowmelt, and frozen soil conditions. It takes into account the
temperature variations and water conditions in the soil. Redistribution of water in the soil profile
is computed using a one-dimensional, explicit finite difference formulation of the Richards
equation with 1-hour timesteps. The SOIL submodel helps manage soil property changes. The
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CROP submodel simulates growth of plants. Their decomposition is handled by the
DECOMPOSITION submodel. Typical agricultural activities and changes in the biomass

(i.e., tillage, planting, harvesting, irrigation) are modeled within the MANAGEMENT submodel.
The EROSION submodel uses subhourly wind data to compute erosion on a daily basis.

Although WEPS simulates temporal changes in soil properties, such as grain-size distribution
and surface roughness, it does not simulate long-term changes in land topography. This may
limit its utility in evaluating the long-term effects of wind erosion on a land-disposal site cover.

3.3.2.2 WEPS Code Validation

Several comparisons of WEPS wind erosion predictions with measured soil loss have been
reported in the technical literature, but all were for test plots and a few specific wind erosion
events. Funk, et al. (2004) compared WEPS simulations and soil loss at a site in Germany.
They reported good agreement between WEPS and measurements for individual erosion
events when the surface properties were respecified between erosion events. The agreement
between the model simulations and measurements was significantly less without such
adjustments, indicating that WEPS may not adequately simulate cumulative wind erosion
effects. Visser, et al. (2005b) compared WEPS simulations and measured soil loss in the Sahel
region of northern Africa. They found relatively good agreement between simulations and
measurements when the spatial distribution of soil properties was adequately discretized. Feng
and Sharratt (2007) used WEPS to simulate soil loss from fallow wheat fields in western
Washington. Although they reported the general performance of WEPS to be adequate, it
generally overestimated soil loss.

3.3.23 WEPS Code Availability and Adaptability

WEPS Version 1.0 is publicly available software running on DOS and Unix operating systems.
It is written in Fortran 77. Based on USDA-Agricultural Research Service (2007), the user’s
guide for WEPS Version 1.0 is currently under development. Draft technical documentation
available at <http://www.weru.ksu.edu/new_weru/simmodels/simmodels.shtml|> describes the
mathematical procedures in the code.

3.4 Mass Wasting Codes

In addition to generalized and local erosion by wind and water, the side slopes of a soil cover
can be degraded by mass wasting due to slumping. Although slumping may not directly expose
the waste, it could accelerate localized erosion on the edge of the cover that could eventually
encroach on the footprint of the waste form, enhance percolation, or degrade barriers to human
and biological intrusion. At any given time, the stability of the side slopes of an earthen cover
depends on the internal angle of friction of the cover soil materials, the water content of the
cover, the angle of the slope, and the presence of geomembranes or clay layers that may act as
internal slip surfaces. The use of hand calculations, spreadsheet calculations, and numerical
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geomechanical models to design stable cover slopes is standard engineering practice. The
stability of the cover side slopes may change with time as the cover matures. The issues that
need to be considered for assessing the long-term stability of cover side slopes are

. Effect of vegetation changes on the water content of the cover and stability of the soils

. Effect of changes in cover soil properties on the water content of soil and its
rheologic properties

. Effect of changes in the properties of geomembranes and clay liners on slope stability
. Effect of climate change on the water content of the cover

A complete discussion of all possible approaches for calculating slope stability is outside the
scope of this project. Five codes were identified that are representative of the range of methods
for evaluating the stability of cover slopes at land disposal sites: Level 1 Stability Analysis
(LISA), Deterministic Level 1 Stability Analysis (DLISA), Channel Hill Slope Integrated
Landscape Development (CHILD), Combined Hydrological and Stability Model (CHASM),

and SLOPE/W.

LISA and DLISA are public domain codes developed by the USDA Forest Service, Rocky
Mountain Research Station. LISA uses Monte Carlo simulation of the infinite slope equation to
estimate the probability of a slope failure. DLISA is the deterministic version of the code. Both
LISA and DLISA were developed primarily to assess the probability of landslides by considering
the balance of forces on a slope. They do not calculate the possible geometry of the failed
slope. Because LISA and DLISA assume uniform soil conditions, they would have limited
applicability to land disposal site slope stability analyses.

The CHILD code, described in Section 3.2.2.2, includes two simple algorithms for simulating
landslides due to slope failure (Tucker and Bras, 1998). The first algorithm generates a
landslide when the simulated land surface slope in a model cell exceeds a user-specified critical
value. Once the critical slope is exceeded, sediment is progressively transported downslope
from the cell until the slope decreases to the critical value. This takes place during a

single timestep.

The second slope stability algorithm is termed “pore pressure induced” landsliding (Tucker and
Bras, 1998). This algorithm uses the infinite slope stability model to identify cells with unstable
slopes. Landsliding occurs when the soil in the cell is (i) calculated to be water saturated based
on the user-specified precipitation rated and drained area of the cell and (ii) the slope angle
exceeds the user-specified angle of friction. Although the slope stability algorithms in CHILD
are mechanistically rather simple, the CHILD code could be useful for simulating complex,
heterogeneous slopes that might develop on an aged soil cover.

CHASM (e.g., Wilkinson, et al., 2002a,b) is a more advanced code that uses a finite difference
model to compute stresses in a slope and then dynamic search algorithms to identify the slip
surface. CHASM includes a rainfall-runoff model and soil water simulator based on the
Richards equation to compute pore water pressures that are then used to compute soil
stresses. CHASM also includes a vegetation module that computes the effect of roots on soll
hydraulic conductivity and shear strength and the influence of vegetation on surface runoff. By
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using a finite-difference model to compute the stress field, CHASM can simulate slopes of
variable composition. CHASM is a commercial code with both Windows and UNIX versions.

SLOPE/W is a commercial code distributed by GEO-SLOPE International, Ltd. that is part of the
GeoStudio® package which includes VADOSE/W, discussed in Section 2. SLOPE/W uses the
limit equilibrium method of slices to compute the stability of a slope. It can be coupled with
SIGMA/W, a finite element code for computing soil stresses and deformation, and QUAKE/W, a
finite element code for computing seismically induced pore pressures and stresses. These
codes are Windows-based and, taken together, provide a relatively powerful set of codes that
could be applied to both hydrologic and geotechnical analysis of land disposal site covers.

3.5 Potential and Limitations of Erosion Codes

Water, wind, and mass wasting erosion processes could modify the thickness and topography
of a cover after the period of institutional control and thus affect its ability to limit percolation and
human and biological intrusion into the waste. The processes simulated by the erosion and
mass wasting codes evaluated for this report are summarized in Table 3-1. Because these
processes may occur in the relatively distant future when the soil properties, site vegetation,
and possibly the climate are different from those that existed when the cover was constructed or
actively maintained, the erosion codes used to evaluate their long-term performance should
have the following capabilities:

. Physics-based models and database representation of erosion processes
appropriate for future cover properties and climate

. Ability to simulate changes in cover topography due to short-term and
long-term processes

The extent to which the erosion and mass wasting codes reviewed for this report possess these
capabilities is summarized in Table 3-2. With the exception of the landscape evolution codes
discussed in Section 3.2.2, the erosion codes described in this report were all developed for
application to agricultural lands. The generalized erosion codes, RUSLE and EPIC, are largely
based on empirical representation of erosion processes developed from observations on
agricultural lands, construction sites, and other areas of disturbed soil. Although they may be
capable of estimating long-term changes in average cover thickness, their erosion process
database would need to be carefully evaluated to determine whether the parameter
correlations that feed the erosion calculations are appropriate for the land disposal cover
site-specific conditions.

The process-based general erosion codes (WEPP, EUROSEM, WESS, and WEPS) rely less on
empirical parameter correlations and more on fundamental physics-based models of erosion
processes. Thus, these codes may be more appropriate for estimating erosion at sites where
few empirical data are available to calibrate the models. As pointed out in the various validation
studies of these codes, accurate description of erosion processes at specific sites depends on
model calibration to actual erosion events. Nevertheless, judicious application of these codes
could provide information to risk inform decisions about the long-term durability of the cover.

The landscape development codes (LISEM-Gullies, SIBERIA, and CHILD) are the only erosion
codes with the ability to simulate changes in the cover topography. The changes calculated by
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these codes are likely to be strongly dependent on initial conditions (cover topography, soil
properties) that will not be accurately known until after the period of institutional control.
Further, only limited validation of these codes has been reported in the published literature.
Nevertheless, these codes may indicate the susceptibility of the cover to long-term erosion and
the style of the erosion features even if they do not accurately predict the long-term topography
of the cover. Similar analyses could be performed using the other types of erosion codes if
applied to the cover in a stepwise manner (i.e., if the user updated the topography of the cover
after each simulated erosion period). The same caveat regarding sensitivity to initial conditions

would still apply.
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Figure 3-3. lllustration of Decomposition of a Watershed Into Modeling Elements for
EUROSEM Erosion Code: a—Original Topograph, b—Subdivision Into Subareas, and
c—Representation as Model Elements (Modified From Morgan, et al., 1998)
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Table 3-1. Summary of Processes Simulated by Erosion and Mass Wasting Codes

L€

Basic Features Processes Simulated
Soil
Eroding Process Vegetation Water Topographic
Code Dimensionality Fluids Representation | Erosion Deposition Effects Balance | Slumping Changes
RUSLE 1 Water Empirical Yes Yes Yes No No No
EPIC 1 Water/Wind Empirical Yes Yes Yes Yes No No
WEPP 1 Water Physics-based Yes Yes Yes Yes No No
EUROSEM 2 Water Physics-based Yes Yes Yes Yes No No
LISEM-Gullies 2 Water Empirical Yes Yes Yes No No Yes
SIBERIA/CHILD 2 Water Physics-based Yes Yes Yes Yes Yes Yes
WESS 1 Wind Empirical Yes Yes Yes No NA No
WEPS 2 Wind Physics-based Yes Yes Yes Yes NA No
LISA 1 NA* Physics-based NA NA No No Yes No
DLISA 1 NA Physics-based NA NA No No Yes No
CHASM 2 NA Physics-based NA NA Yes Yes Yes No
SLOPE/M 2 NA Physics-based NA NA Yes Yes Yes No

*NA = not applicable
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Table 3-2. Summary of Applicability and Limitations of Erosion and Mass Wasting Codes for Long-Term Performance Assessment

Code Process Representation Calculation of Cover Loss and Topographic Change

RUSLE Empirically based using correlations from test plots, requires empirical Computes areally averaged soil loss, independent
data to simulate future cover conditions. calculations required to compute changes in cover

thickness.

EPIC Empirically based using correlations from test plots, requires empirical Computes areally averaged soil loss, independent
data to simulate future cover conditions, but more versatile than RUSLE calculations required to compute changes in cover
by calculating soil water balance. thickness.

WEPP Physics-based approach to erosion allows flexibility in representing future | Computes areally averaged soil loss for multiple hill
soil cover conditions based on fundamental properties. slopes, independent calculations required to compute

changes in cover thickness.

EUROSEM Physics-based approach applied over two-dimensional topographic Computes distributed soil loss within model domain with a
surface allows representation of complex topography including future fixed topography, independent calculations required to
changes in topography. compute change in surface elevation and cover thickness.

LISEM-Gullies Empirically based approach to soil loss and gully formation over Calculates gully formation and associated changes in
two-dimensional topographic surface but limited to single storm events. topography during single storm events, multiple

simulations required to evaluate long-term performance.

SIBERIA/CHILD Physics-based approach applied over two-dimensional topographic Calculates changes in elevation and topography based on
surface allows representation of complex topography including future soil loss and deposition, including soil creep and
changes in topography. slumping.

WESS Empirically based wind erosion code within limited process Computes areally averaged soil loss, independent
documentation. calculations required to compute changes in cover

thickness.

WEPS Physics-based wind erosion code with ability to represent topographic Computes areally distributed soil loss, independent
and wind-break effects. calculations required to compute changes in cover

thickness.

LISA Simple, physics-based calculation of sliding potential with stochastic Computes sliding potential, but not topographic change.
output.

DLISA Simple, deterministic, physics-based calculation of sliding potential. Computes sliding potential, but not topographic change.
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Table 3-2. Summary of Applicability and Limitations of Erosion and Mass Wasting Codes for Long-Term Performance Assessment (continued)

Code Process Representation Calculation of Cover Loss and Topographic Change
CHASM Computes stress field and slip surfaces for complex, multilayer slopes Computes potential failure surfaces but no resulting
including effect of water infiltration. topographic change, limited to single events.
SLOPE/M Computes stress field and slip surfaces for complex, multilayer slopes. Computes potential failure surfaces but no resulting

Can be coupled with VADOSE/W to simulate events of water infiltration
and with QUAKE/W to simulate seismic events.

topographic change, limited to single events.




4 MISCELLANEOUS CODES

During and after the period of institutional control, the hydraulic properties and internal structure
of the cover may change, resulting in performance degradation, even if the surface of the cover
is routinely maintained. If the performance degradation is not manifested in the monitoring
system, it will go unnoticed and unmitigated. Processes that have been identified as potentially
affecting performance during and after the institutional control period (O’Kane Consultants, Inc.,
2003) but that could go unmitigated during the institutional control period include

. Desiccation cracking of internal clay barriers

. Disturbance of cover internal structure due to freeze/thaw cycles

. Rupture of geotextiles and geomembranes due to settlement

. Infiltration of fine particles into capillary barriers and drainage layers

. Microbial plugging of capillary barriers and drainage layers

. Penetration of geotextiles, geomembranes, and clay barriers by plant roots
. Physical or chemical deterioration of geotextiles and geomembranes

4.1 Codes for Changes in Soil Properties

The findings of the Alternative Cover Assessment Project (Albright, et al., 2002) indicate that the
hydraulic properties of the soils used to construct soil covers, including the properties of clay
layers, can change significantly within a few years after construction, generally resulting in an
increase in hydraulic conductivity. Some of these changes are due to development of
macropores associated with plant roots and animal burrows, particularly worms and burrowing
insects (e.g., Waugh, 2000). Other changes are due to the development of soil structure, such
as blocky texture and small cracks, from wet/dry and freeze/thaw cycles. Over longer time
frames, secondary mineralization and eluviation/illuviation' lead to the development of distinct
soil layers with varying hydraulic properties. Although the chemical evolution of soils is an area
of very active research that has led to the development of numerical models for simulating
weathering reactions and chemical redistribution in soils (e.g., Godderis, et al., 2006), the
literature review for this study did not identify any computer codes for simulating the evolution of
the hydraulic properties of soils. Zhou and Rowe (2005) used a coupled heat and water flow
model to simulate desiccation of clay liners in municipal solid waste landfills. Although Zhou
and Rowe (2005) used their model to simulate water loss from the clay, they did not go on to
calculate the hydraulic properties of the clay as a result of desiccation.

4.2 Codes for Changes in Geosynthetic Materials

Geomembranes are typically high density polyethylene (HDPE),? although other materials have
been used in geotechnical applications (Rowe and Sangam, 2002). HDPE geomembranes
degrade due to physical aging, chemical degradation, biological degradation, and mechanical
stresses. Physical aging refers to the gradual realignment of the constituent organic polymers
into a more crystalline and brittle structure (Rowe and Sangam, 2002). Chemical degradation

'Eluviation and illuviation refer to the migration of fine particles, colloids, and dissolved minerals through the soil zone.

2High Density Polyethylene is used frequently throughout this report. The abbreviation HDPE will be used.
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can occur by modifying the chemical composition of the HDPE through contact with reactive
chemicals, such as organic solvents, transition metal, and oxygen. For applications to in-place
tank closures where the geomembrane would be placed above the waste, oxidation is likely to
be the most important chemical degradation process. In principle, HDPE can be biologically
degraded by microorganisms, but this is a slow process due to the extremely low solubility of
the long-chain organic molecules comprising HDPE. Most of the research on the degradation of
HDPE geomembranes has pertained to applications to solid waste landfills, hazardous waste
landfills, and chemical storage lagoons where the geomembrane is directly contacted by
contaminated liquids. The implications of biological degradation on the very long-term
performance of HDPE are unknown. HDPE geomembranes can also be degraded by
mechanical stresses that either exceed the yield strength of the material or contribute to
stress-induced cracking.

Most of the data on the performance lifetime of HDPE geomembranes are empirical, based on
either accelerated laboratory tests or field observations. Research for this report did not identify
any computer codes designed to predict the long-term performance of HDPE geomembranes.
With respect to oxidation of HDPE, estimates of the oxidation rate in a cover application could
be made based on empirical or theoretical relationships between the in-situ oxygen
concentration (either in gas or in water) and temperature. The effect of oxidation would then
need to be correlated with the physical properties of the HDPE, such as permeability, diffusivity,
and mechanical strength, to predict its performance (e.g., Needham, et al., 2006). The effect of
mechanical stresses on HDPE geomembrane performance can be estimated using
geomechanical models given information on the strength of the HDPE and the stresses likely to
be created in the application. The slope stability codes CHASM and SIGMA/W discussed in
Section 3.3 could be used to compute these stresses.

By way of reference, the Geosynthetic Institute projects the typical lifetime of geomembranes to
be 450 years (Koerner, 2006) but suggests a warranty period of 5 years based solely on
economics. The projected lifetime is for the durability of the geomembrane material, not for the
welds and installation defects.

Geosynthetic clay liners (GCLs)® consist of polymer binding fabric and bentonite clay. The
polymer binding is subject to the same chemical and physical degradation processes as
geomembranes. In addition, the bentonite properties can be modified by changes in the
chemistry of infiltrating water, desiccation, and freeze/thaw cycles. As with geomembranes,
empirical studies have been conducted to estimate the lifetime of GCLs, but no physics-based
models for estimating the performance of GCLs at a specific site were found in the literature.

4.3 Biointrusion and Vegetation Evolution Codes

The long-term performance of the cover may be affected by biointrusion, by which animal
burrows and plant roots modify the structure and permeability of the soil, and evolution of the
vegetative cover, which may affect the depth of root penetrations and, in the case of
evapotranspiration (ET)* covers, the water balance of the cover. Although no codes were

3Geosynthetic clay liner is used frequently throughout this report. The abbreviation GCL will be used.
4Evapotranspiration is used frequently throughout this report. The abbreviation ET will be used.
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identified for simulating these processes on land disposal unit covers, this section presents a
general discussion of ecological codes developed for other purposes that could provide a
conceptual approach for developing codes of application to covers.

Biointrusion refers to penetration of the cover by plant roots and burrowing animals. Although
many cover designs, particularly evapotranspirative covers, are specifically designed to
encourage root development in a vegetative layer, root penetration can increase the
permeability of the cover relative to as-built values. In the case of barrier covers, root
penetration into clay layers and capillary barrier layers can provide pathways for enhanced
infiltration and percolation. In principle, plant roots can penetrate into the waste form and
convey radionuclides to the accessible environment and the food chain (e.g., Breshears, et al.,
2005). In the case of ET covers, the cover design and performance assessment may include
assumptions about the nature of plant communities that may be intentionally planted on the
cover or that may develop in the future.

Burrowing animals can affect the performance of covers by (i) providing discrete pathways for
water to infiltrate the cover, (ii) exposing waste materials through castings, (iii) ingesting waste
material and introducing it to the food chain through predation, and (iv) disturbing the soil
structure and enhancing erosion. Synergies may also exist between the plant and animal
communities that may occupy the cover.

This study did not identify any computer codes specifically designed to simulate biointrusion by
plants or animals, although the hydrologic codes discussed in Section 2 can, to a certain extent,
be used to simulate the hydrologic effects of biointrusion and various types of vegetation.
Conceptual models of the expected evolution of local ecosystems that might affect the potential
for biointrusion have been developed based on analogy with existing ecosystems in similar or
expected future climates and terrain (e.g., Waugh, 2000; Hampton, 2006). Based on these
conceptual models and observations at existing land disposal sites, scenarios of possible future
cover conditions can be developed and their implications for waste isolation modeled using
hydrologic and mass transport codes.

Computer codes for simulating the evolution of animal and plant communities have been
developed as research tools for investigating ecological responses to such processes as
climate change, forest fires, and land use changes. A general discussion of ecological
modeling methods is available as an “online lecture” (Sharov, 2007). Although quantitative
ecological models have not been applied to estimate possible transitions in animal and plant
populations on land disposal unit covers, they have been used to model such transitions at
other disturbed sites. An example of a code and modeling approach that could be applicable to
cover evaluations is Vegetation Dynamics Development Tool (VDDT) (ESSA Technologies Ltd.,
2007). This code generates sequences of plant populations based on deterministic or
probabilistic event-based transitions. The user defines events, such as fire, drought, and
disease; event probabilities that affect the plant populations; and transition pathways from one
plant community to another. The code then generates sequences and probability distributions
for various plant communities. Such a probabilistic modeling approach could be developed for
animal populations through correlations between habitat and vegetation.
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5 SUMMARY AND RECOMMENDATIONS

This report reviewed computer codes that may be suitable for evaluating the performance of soil
covers for land disposal of radioactive waste at Ronald W. Reagan National Defense
Authorization Act for Fiscal Year 2005 sites in Idaho (Idaho National Laboratory) and South
Carolina (Savannah River). These codes may also be applicable to the U.S. Department of
Energy waste management issues at Hanford, Washington, and West Valley, New York. The
review was based on consideration of three phases of performance:

. Phase 1: Performance of the as-built cover

. Phase 2: Cover degradation by processes that cannot be detected or practically
remediated during the institutional control period

. Phase 3: Cover degradation by processes occurring after the period of
institutional control

The codes evaluated in this report fall into three major categories:

. Hydrologic codes for evaluating percolation through the cover
. Generalized and localized erosion codes for evaluating long-term stability of the cover
. Miscellaneous codes on degradation of covers (e.g., changes in soil properties, in

vegetation or in manufactured materials, biointrusion)

The codes selected for evaluation were chosen based on (i) their ability to simulate processes
important to cover performance; (ii) prior use, if any, in simulating cover performance or other
validation studies; (iii) public availability; and (iv) availability of documentation. As used in this
report, validation of codes refers to the ability of the code to reproduce real-world phenomena.

5.1 Hydrologic Codes

From a hydrologic perspective, the soil covers that might be constructed at the

Ronald W. Reagan National Defense Authorization Act for Fiscal Year 2005 sites were

divided into two design categories: barrier covers and evapotranspiration (ET)' covers. Barrier
designs incorporate engineered materials into the cover. These materials are intended to
physically prevent or reduce infiltration through the cover. ET covers are typically constructed
with local soil and rely on the ability of vegetated soil to retain water that infiltrates during wet
periods and releases water to the atmosphere by evapotranspiration during dry periods. Seven
hydrologic codes were reviewed in terms of their various capabilities to simulate processes of
importance to estimate percolation through soil covers. These codes were classified as “water
balance codes” and “unsaturated flow codes.” Water balance codes calculate percolation
through the cover based on the difference between water infiltrating the cover and the water lost
by evapotranspiration and lateral diversion without formally solving the equations that describe
the flow of water under partially saturated conditions. Unsaturated flow codes are those that

1Evapotranspiration is used frequently throughout this report. The abbreviation ET will be used.
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formally solve the equations describing water flow in porous media under partially saturated
conditions. Although many unsaturated flow codes have been developed to simulate such flow,
only those judged to be potentially suitable for assessment of land disposal unit covers were
reviewed. Judging suitability was based on the ability of the code to represent the physical and
biological processes affecting water transport across the land surface boundary in addition to
simulating unsaturated flow. All codes that were reviewed differed in their dimensionality and the
extent to which near-surface processes, such as runoff, evaporation, transpiration, and freezing
conditions, are computed by the code.

5.1.1 Water Balance Codes

Of the two water balance codes reviewed, HELP and EPIC, HELP is the most inclusive in terms
of representing features and processes of importance to estimate percolation through barrier
covers, such as lateral diversion by geomembranes and drainage layers. EPIC, on the other
hand, has more advanced features for simulating the effect of vegetation on percolation through
ET covers. Both codes are one-dimensional and represent soil water movement by very simple
approximations of the generally accepted mathematical models of unsaturated water flow. Thus
the simulations by either model may be subject to numerical errors associated with the spatial
and temporal discretization of the soil column and the simplified flow equations. In terms of
documentation, HELP is much better documented than EPIC. Both codes have been subject to
validation studies of percolation through soil covers with mixed results in terms of their ability to
reproduce measured percolation rates. HELP systematically overestimated percolation
compared to field tests.

5.1.2 Unsaturated Flow Codes

Five unsaturated flow codes were reviewed ranging from one-dimensional public domain codes
to multidimensional commercial codes. Of the one-dimensional codes, UNSAT-H and SHAW,
SHAW is the most complete in terms of its ability to simulate transpiration by vegetation, frozen
soil conditions, and snowmelt. Neither code can simulate subsurface lateral diversion by
geomembranes or drainage layers. Thus, neither code is well suited for application to barrier
covers. Both codes are publicly available, including source code, and are well documented.
Both have been subject to validation tests, but with mixed results.

All three multidimensional codes, HYDRUS-2D, SVFIux, and VADOSE/W, are commercial
codes. Based on vendor-provided documentation, VADOSE/W is the most complete of these
codes in terms of the range of near-surface hydrologic processes simulated by the code.
HYDRUS-2D, although a well-known code for simulating unsaturated flow and transport, places
the greatest burden on the user to represent near-surface processes in terms of sources and
sinks. VADOSE/W is the only code that includes simulation of frozen soil and snowmelt
processes. lItis also the only multidimensional code with special procedures for simulating
onsite redistribution of runoff, ponding, and subsurface diversions by geomembranes.

HYDRUS-2D is the best documented of the multidimensional hydrologic codes. VADOSE/W

would require additional documentation from the vendor to fully understand the mathematical
procedures used to simulate some processes. HYDRUS-1D, the mathematical predecessor of
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HYDRUS-2D, has been subject to validation tests, but with mixed results. SVFlux has not been
subjected to formal validation. Only one published validation study was identified
for VADOSE/W.

51.3 Summary Evaluation of Hydrologic Codes

The following features were determined to be desirable for the hydrologic assessment codes to
reliably estimate percolation under as-built and future conditions.

. Ability to compute surface water losses based on precipitation and land
surface characteristics

. Ability to simulate snowmelt and frozen soil conditions
. Flexible representation of vegetation types and coverage
. Ability to simulate lateral diversion by geomembranes and seepage

through geomembranes

. Reliable and transparent algorithms for computing water balances including
evapotranspiration

. Robust methods for computing soil water movement and percolation

. Ability to represent spatial variations in cover properties and cover lower
boundary condition

. Ability to produce percolation output in a form suitable to input to codes used to simulate
flow in the disposal cell (engineered barriers and waste form)

. Facilities to perform sensitivity and uncertainty analyses (multiple realizations)

Overall, VADOSE/W comes closest to providing all of the desired features. Features of
VADOSE/W that are particularly attractive, relative to the other unsaturated flow codes, are

. Ability to route surface runoff over uneven surfaces

. Ability to simulate ponding in specific areas of the cover

. Ability to represent geomembranes using line elements

. Ability to simulate spatially variable cover properties in two dimensions

. Ability to couple hydrologic processes with slope stability simulations within

GeoStudio package

Ponding could be an important factor in the water balance of the cover under long-term
conditions when the initially well-graded and well-drained surface is degraded. The principal
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drawback of VADOSE/W is the lack of complete documentation of its underlying mathematical
models and the lack of open source code.

Of the one-dimensional unsaturated flow codes, SHAW has the most advanced features with
respect to simulating snowmelt, frozen soil conditions, and changes in vegetation. As with the
other one-dimensional unsaturated flow codes, SHAW cannot simulate the effects of
geomembranes. SHAW is well documented with open source code.

In terms of the accuracy of the codes in predicting percolation, validation studies for all of the
codes indicate mixed results. In some cases, all of the modeling approaches (water balance and
unsaturated flow) were able to match water balance measurements from lysimeters. In other
cases, none of the codes or modeling approaches yielded good results. The difference between
simulated and measured water balances could be due to uncertainty in soil hydraulic properties,
vegetation water use parameters, heterogeneous soil properties not represented in the model,
inaccurate representation of runon/runoff parameters, or the temporal/spatial discretization of the
model. In principle, the more physics-based models should be capable of producing relatively
accurate estimates of percolation given accurate input parameters. If used judiciously by
experienced staff, the unsaturated flow codes would be capable of simulating percolation with
sufficient accuracy to make risk-informed decisions. The unsaturated flow codes actually used
should be selected on the basis of site-specific processes judged to be most important for
long-term performance (e.g., present and possible future climate or need for two-dimensional
analyses and ease of use).

5.2 Erosion and Mass Wasting Codes

After the period of institutional control, erosion by wind and water may modify the thickness and
structure of the cover. Mass wasting by slumping of the side slopes could also affect the
integrity of the cover.

5.21 Erosion Codes

Codes for estimating erosion were divided between codes designed to estimate areal average
erosion rates and codes designed to estimate local erosion, such as gully formation. Because
erosion processes may occur in the relatively distant future when the soil properties, site
vegetation, and possibly, climate are different than those when the cover was constructed or
actively maintained, the erosion codes used to evaluate their long-term performance should have
the following capabilities:

. Physics-based models and database representation of erosion processes appropriate for
future cover properties and climate

. Ability to simulate changes in cover topography due to short-term and
long-term processes

With the exception of the landscape evolution codes discussed in Section 3.2.2, the erosion
codes reviewed for this report were all developed for application to agricultural lands. The
generalized erosion codes, RUSLE and EPIC, are largely based on empirical representation of
erosion processes developed from observations on agricultural lands, construction sites, and
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other areas of disturbed soil. Although they may be capable of providing estimates of long-term
changes in average cover thickness, their erosion process database would need to be carefully
evaluated to determine whether the parameter correlations input into the erosion calculations are
appropriate for the land disposal cover site-specific conditions.

The process-based general erosion codes (WEPP, EUROSEM, WESS, and WEPS) rely less on
empirical parameter correlations and more on fundamental physics-based models of erosion
processes. Thus, these codes may be more appropriate for estimating erosion at sites where
few empirical data are available to calibrate the models. As pointed out in the various validation
studies of these codes, accurate description of erosion processes at specific sites depends on
model calibration to actual erosion events. Nevertheless, judicious application of these codes
could provide information to risk inform decisions about the long-term durability of the cover.

The landscape development codes (LISEM-Gullies, SIBERIA, and CHILD) are the only erosion
codes with the ability to simulate changes in the cover topography. The changes calculated by
these codes are likely to be strongly dependent on initial conditions (cover topography, soil
properties) that will not be accurately known after the period of institutional control. Further, only
limited validation of these codes has been reported in the published literature. Nevertheless,
these codes may indicate the susceptibility of the cover to long-term erosion and the style of the
erosion features and thus be useful for evaluating the long-term integrity of the cover. Similar
analyses could be performed using the other types of erosion codes if applied to the cover in a
stepwise manner (i.e., if the user updated the topography of the cover after each simulated
erosion period). The same caveat regarding sensitivity to initial conditions would still apply.

5.2.2 Mass Wasting

In addition to generalized and local erosion by wind and water, the side slopes of a soil cover
can be degraded by mass wasting due to slumping. The issues that need to be considered for
assessing the long-term stability of cover side slopes are

. Effect of vegetation changes on the water content of the cover and stability of the soils

. Effect of changes in cover soil properties on the water content of soil and its
rheologic properties

. Effect of changes in the properties of geomembranes, geosynthetic clay liners (GCLs),?
and clay liners on slope stability

. Effect of climate change on the water content of the cover

Five codes were identified that are representative of the range of methods for evaluating the
stability of cover slopes at land disposal sites: Level 1 Stability Analysis (LISA), Deterministic
Level 1 Stability Analysis (DLISA), Channel Hill Slope Integrated Landscape Development
(CHILD), Combined Hydrological and Stability Model (CHASM), and SLOPE/W.

2Geosynthetic clay liner is used frequently throughout this report. The abbreviation GCL will be used.
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LISA uses Monte Carlo simulation of the infinite slope equation to estimate the probability of
slope failure. DLISA is the deterministic version of the code. They do not calculate the possible
geometry of the failed slope. Because LISA and DLISA assume uniform soil conditions, they
would have limited applicability to land disposal site slope stability analyses.

The CHILD code is primarily designed to simulate landscape evolution. It does, however,
incorporate two simple algorithms for simulating landslides: one using the critical slope concept
and the other using the infinite slope concept. The CHILD code could be useful for simulating
slope failures on aged soil covers.

CHASM (e.g., Wilkinson, et al., 2002a,b) is a more advanced code that uses a finite difference
model to compute stresses in a slope and then a dynamic search algorithm to identify the slip
surface. CHASM includes a rainfall-runoff model and soil water simulator to compute pore-water
pressures that are then used to compute soil stresses. CHASM also includes a vegetation
module that computes the effect of roots on soil hydraulic conductivity and shear strength and
the influence of vegetation on surface runoff. CHASM can simulate slopes of variable
composition.

SLOPE/W is a commercial code distributed by GEO-SLOPE/W International, Ltd. that is part of
the GeoStudio® package, which includes VADOSE/W discussed in Section 2. It can be coupled
with SIGMA/W, a finite element code for computing soil stresses and deformation, and
QUAKE/W, a finite element code for computing seismically induced pore pressures and stresses.
These codes are Windows-based and, taken together, provide a relatively powerful set of codes
that could be applied to both hydrologic and geotechnical analysis of land disposal site covers.

5.3 Miscellaneous Codes

During and after the period of institutional control, the hydraulic properties and internal structure
of the cover may change, resulting in performance degradation, even though the surface of the
cover is routinely maintained. Processes that have been identified as potentially affecting
performance during and after the institutional control period (O’Kane Consultants, Inc., 2003) but
that could go unmitigated during institutional control include

. Desiccation cracking of internal clay barriers

. Disturbance of cover internal structure due to freeze/thaw cycles

. Rupture of geotextiles and geomembranes due to settlement

. Infiltration of fine particles into capillary barriers and drainage layers

. Microbial plugging of capillary barriers and drainage layers

. Penetration of geotextiles, geomembranes, and clay barriers by plant roots
. Physical or chemical deterioration of geotextiles and geomembranes

5.31 Soil Property Codes

Although the chemical evolution of soils is an area of very active research that has led to the
development of numerical models for simulating weathering reactions and chemical redistribution
in soils (e.g., Godderis, et al., 2006), the literature review for this study did not identify any
computer codes for simulating the evolution of the hydraulic properties of soils.
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5.3.2 Geomembranes and GCLs

Most of the data on the performance lifetime of high density polyethylene (HDPE)®
geomembranes is empirical based on either accelerated laboratory tests or field observations.
Research for this report did not identify any computer codes designed to predict the long-term
performance of HDPE geomembranes. With respect to oxidation of HDPE, estimates of the
oxidation rate in a cover application could be made based on empirical or theoretical
relationships between the in-situ oxygen concentration (either in gas or in water) and
temperature. The effect of mechanical stresses on HDPE geomembrane performance can be
estimated using geomechanical models given information of the strength of the HDPE and the
stresses likely to be created in the application. The slope stability codes CHASM and SIGMA/W
discussed in Section 3.3 could be used to compute these stresses.

GCLs are subject to the same chemical and physical degradation processes as geomembranes.
In addition, the bentonite properties can be modified by changes in the chemistry of infiltrating
water, dessication, and freeze/thaw cycles. As with geomembranes, empirical studies have
been conducted to estimate the lifetime of GCLs, but no physics-based models for estimating the
performance of GCLs at a specific site were found in the literature.

5.3.3 Biointrusion and Vegetation Change Codes

The long-term performance of the cover may be affected by biointrusion, by which animal
burrows and plant roots modify the structure and permeability of the soil and by evolution of the
vegetative cover, which may affect the depth of root penetrations and, in the case of ET covers,
the water balance of the cover. Although no codes were identified for simulating these
processes on land disposal unit covers, ecological codes developed for other purposes and
could provide a conceptual approach for developing codes of application to covers.

For example, conceptual models of possible future ecological systems could be used to develop
possible scenarios of biointrusion effects. The scenarios could then be the basis for simulating
the hydrologic and soil stability effects of biointrusion using quantitative hydrologic and

erosion codes.

Computer codes for simulating the evolution of animal and plant communities have been
developed as research tools for investigating ecological responses to such processes as climate
change, forest fires, and land-use changes. Although quantitative ecological models have not
been applied to estimate the effects of possible transitions in animal and plant populations on
land disposal unit covers, they have been used to model such transitions at other disturbed sites,
and the modeling approaches could be applied to land disposal unit covers.

54 Recommendations

The following recommendations are provided based on the review of codes and their potential
applicability to assessing the performance of possible cover designs. The recommendations
are provided with respect to hydrologic codes, erosion and mass wasting codes, and
miscellaneous codes.

3High Density Polyethylene is used frequently throughout this report. The abbreviation HDPE will be used.

5-7



5.4.1 Hydrologic Codes

VADOSE/W is the only hydrologic code that appears to incorporate all of the processes
important to estimating percolation through a soil cover under as-built and future conditions
within a single software package. Although the other hydrologic codes reviewed for this report
could, in principle, be used to develop estimates of percolation of sufficient accuracy to make
risk-informed decisions, their various limitations, either in dimensionality or in processes
considered, would place a greater burden on the user to comprehensively assess present and
possible future site-specific conditions. Based on its versatility, the U.S. Nuclear Regulatory
Commission (NRC) may wish to consider obtaining a license for VADOSE/W to validate its
performance in simulating specific conditions of importance to the Ronald W. Reagan National
Defense Authorization Act for Fiscal Year 2005 sites. Prior to obtaining such a license, the
developer of VADOSE/W should be contacted to determine whether adequate documentation of
its mathematical basis can be made available.

5.4.2 Erosion and Mass Wasting Codes

For the most part, the codes that estimate soil loss have been developed for application to
agricultural lands, construction sites, and other areas of disturbed soil. Although they may be
capable of providing estimates of long-term changes in average cover thickness, these codes do
not provide useful information on processes such as side-slope stability (mass wasting) and gully
formation that could breach the integrity of a cover. Exceptions are LISEM-Gullies, SIBERIA,
and CHILD that actually simulate changes in the land surface topography. With respect to mass
wasting, NRC may wish to consider acquiring and further evaluating a code such as CHASM or
SLOPE/W that integrates hydrologic processes into slope stability calculations. Such codes
would facilitate evaluating slope stability under present day and possible future climate and soil
cover conditions. SLOPE/W might be particularly useful because it can be coupled to the
VADOSE/W to simulate the effects of soil moisture changes on slope stability. Other codes

in the GeoStudio package, such as QUAKE/W, could also be useful for evaluating soil

cover stability.

A landscape evolution code, such as CHILD, could also be useful for developing insight into
possible long-term changes in cover thickness and topography under changing climate and
vegetation conditions. CHILD can also simulate slope failures in addition to surface erosion.
Because CHILD is a research code, it would require further testing and validation to assess its
applicability to simulating cover evolution. The future status of its development and support also
need further evaluation.

5.4.3 Miscellaneous Codes

No codes were identified for simulating changes in soil properties, degradation of
geomembranes and GCLs, or animal biointrusion. The possible influence of these processes on
cover performance is likely to continue to be based on empirical studies. With respect to
ecological changes, NRC may wish to consider acquiring and testing an ecological evolution
code such as VDDT to evaluate its usefulness in developing scenarios of possible future
ecosystems that could affect cover performance.
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